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Foreword

Exploitation of the ocean floor for commercial or military use requires not only Remotely Oper-
ated Vehicles (ROVs), Autonomous Underwater Vehicles (AUVs), submersibles, and diving systems;
it also requires 1-atmosphere enclosures permanently—or semipermanently—affixed to the ocean floor.
These 1-atmosphere enclosures would serve as habitats for the crews, covers for mine shafts, and
pressure-resistant buildings for ore or food-processing plants. Bottom-mounted pressure-resistant
enclosures must be negatively buoyant, instead of positively buoyant (as they are with pressure hulls
for submersibles). This allows them to be constructed from inexpensive materials with low specific
compressive strength.

The primary choice for such applications is Portland cement concrete, since it is inexpensive, can
be cast in situ, does not deteriorate under long-term immersion, and has a fair specific compressive
strength. In fact, its specific compressive strength is high enough to qualify the material as a viable
candidate for use in constructing large submarine oil tankers that require pressure hulls with only mar-
ginal positive buoyancy.

Since concrete has not previously been used for constructing pressure-resistant shells for ocean
engineering structures, there was a total absence of engineering data on which to base the design of
any pressure-resistant concrete housings for U.S. Navy applications. To make up for this deficiency,
the U.S. Navy initiated a research program whose objective was to generate sufficient data to enable
formulation of design criteria to construct concrete pressure housings. The principal investigators were
Dr. Stachiw, and Messrs. Haynes, Albertsen, Kahn, Highberg, and Hoofnagle. The reports these
investigators produced effectively summarize the scope and results of the research program.

The results of the program were sufficiently encouraging and comprehensive to allow formulation
of design criteria for use by U.S. Navy engineers. The performance of model scale concrete housings
employed in the research program provided the data to use for confidently designing full-scale
pressure-resistant concrete enclosures with an infinite lifetime.

Volume IX is a compilation of reports that summarize the studies on 15-inch diameter spherical
test specimens to experimentally evaluate the effect of wall thickness, impregnation, reinforcement
techniques, and penetrations on critical pressure, creep, and permeability.

Volume X is a compilation of reports that summarize the studies on (1) 15-inch diameter cylin-
ders and (2) 66-inch diameter spheres under short-term and long-term loading. This volume also
contains the design criteria and recommendations formulated at the conclusion of the research
program on concrete external-pressure housings.
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INFLUENCE OF COMPRESSIVE STRENGTH AND WALL
THICKNESS ON BEHAVIOR OF CONCRETE CYLINDRICAL
HULLS UNDER HYDROSTATIC LOADING

Technical Report R-780
3.1610-1
by

N. D. Albertsen

ABSTRACT.

Sixteen unreinforced, cylindrical concrete hull models of 16-inch
outside diameter were subjected 10 external hydrostatic loading to deter-
mine the effect of concrete strength and wall thickness on implosion and
strain behavior. The test results showed that an increase in concrete strength
of 70% produced an average increase in implosion pressure of 87%, while
increases in hulf wall thickness by factors of 2 and 6 produced increases in
implosion pressure by factors of approximately 2 and 11, respectively.
Changes in concrete strength had little effect on strain behavior; however,
strain magnitudes generally increased with increasing wall thickness when
comparisons were made at a constant percentage of P, . Design recom-
mendations are presented to aid in the design of cylindrical concrete hulls
for underwater use.

Apgroved for public release; distribution unlimited.

Copies available at the National Technical information Service (NTIS},
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INTRODUCTION

Previous studies*® conducted at the Naval Civil Engineering
Laboratory (NCEL) have shown that concrete is an effective construction
material for undersea pressure-resistant structures. Experiments on concrete
cylindrical hults® 7 with 16-inch outside diameters, 2-inch-thick walls, and
8- to 128-inch lengths have established the influence of the length-to-outside-
diameter, L/D,, ratio and the end-closure stiffness on implosion pressure,
strain magnitude, and strain distribution. Figure 1 shows that the thick wall
theory based on Lamé's equation conservatively predicts implosion pressure
for cylindrical concrete hulls with a wall-thickness-to-outside-diameter, /Dy,
ratio of 0.125 and L/D,, ratios from O to 8. The strain and implosion data
for these hulls indicate that the effects of hemispherical concrete end-closures
are minimal at a distance = 1 diameter from the edge of the cylinder, and,
thus, cylinders with L/D, ratios greater than 2 can be considered to be infi-
nitely long. Variations in end-closure stiffness did not cause a reduction in
the implosion pressure of cylindrical concrete hulls below values predicted
by Lamé’'s equation; however, rigid end-closures produced high shear strains
near the closure which would be undesirable for structures subjected to long-
term submergence.

The objective of this study was to determine experimentally the
relationship between implosion pressure, concrete strength, wal! thickness,
strain distribution, and strain magnitude in cylindrical concrete hulls subjected
to external hydrostatic loading.

Data from this experimental study were used to develop design
guidelines so that safe and economical pressure-resistant cylindrical concrete
structures can be designed for underwater applications.

EXPERIMENTAL PROGRAM
Experiment Design
Sixteen concrete cylindrical hulls having four different wall

thicknesses and two concrete strengths were tested to implosion under
short-term hydrostatic loading. The hulls had wall thicknesses of 1/2, 1,




2, and 3 inches (Figure 2) which correspond to /D, ratios of 0.0312, 0.0625,
0.1250, and 0.1875. All cylinders were 16 inches in outside diameter and 64
inches long; each had hemispherical concrete end-closures of the same wall
thickness as the cylinder. Two hulls of each wall thickness were made of con-
crete with a uniaxial compressive strength, f, of approximately 6,000 psi

and two of approximately 10,000 psi. One hull of each concrete strength
and wall thickness was instrumented with electrical resistance strain gages.

A summary of the design information for the cylindrical hulls is given in
Table 1.

¥ 060 t= 2in.
d.g @«4— spherical structures, ] “
£ /Do = 0.125 < Do = 16in.
g 050
s 7 1
@g p=—1/2 —
% \
g 0.40 - : T T T
£ \‘4— estimated t/Dg ratio = 0.1250
S ' f¢ ~ 9,000 psi
% 0.30 o__@ « cylindrical structures, %
K o fitted curve
£ g easre 3
e i S SET- T L
2 020 .,
¢ ™ Lameé's Equation
Q.
c
o
8 o0
[-%
E

0

0 1 2 3 4 5 6 7 8

Cylinder Length/Qutside Diameter, L/Dg

Figure 1. Analytical prediction of implosion pressure (after Reference 5).

Fabrication of Specimens

All cylinders and hemispherical end-closures were cast in rigid metat
molds which had been machined to tolerances of +1/32 inch. The cylinders
and end-closures were made from a microconcrete mix consisting of type ||
portland cement, San Gabriel River Wash Aggregate, and freshwater. Con-
crete strengths of approximately 6,000 and 10,000 psi were produced by
varying the water-to-cement ratio and the cure procedure. Table 2 gives the
mix proportions and cure times, and Table 3 gives the aggregate proportions
which remained the same for both mixes.




Figure 2. Cylindrical test specimens with wall thicknesses ranging from 1/2 inch to
3 inches.

After moist curing, the cylinders and end-closures were stored under
room conditions while being prepared for test. Hull preparation began with
a light sandblasting of surfaces to expose surface voids and to remove laitance.
Small, shallow voids were filled with a cement-sand paste, while farger voids
were filled with an epoxy adhesive. The mating surfaces of the cylinders and
end-closures were ground flat by rotating them on a flat plate covered with
No. 60 Sificon Carbide grit. Next the cylinders and hemispheres were water-
proofed with a clear epoxy paint and bonded together with an epoxy adhesive.
The final step in the specimen fabrication was to apply electrical resistance
strain gages. Figure 3 shows a cross section of a fabricated cylindrical hull,
and Figure 4 shows the strain gage layout for the hulls.

Test Procedure
The cylindrical hulls were tested in NCEL's 72-inch pressure vessel

{Figure 5). The hulls were filled with water and vented to outside the pressure
vessel, During a typical test, external pressure was applied to the hull at a




constant rate until implosion occurred. The pressurization rate was 20
pst/min for the 1/2-inch-thick hulls and 100 psi/min for the 1-, 2-, and 3-inch-
thick hulls. At selected pressure intervals, the strain gages were interrogated
and the change in volume of the specimen was recorded. Ct.ange in volume
was measured by coilecting the water displaced under load from the hull's

interior.
Taole 1. Description of Cylindrizal Hulis
{All cylinders were 64 inches tong and 16 inches in outside diameter.)
inal Uniaxia trai
Cylinder ¥Dg Walt Nomma} Uniaxia Strain
Designationd Ratio Thickness Compressive Strength Gages on
{in.) of Concrete {psi) Hullb
1/2-10-G 10,000 11034
1/2-10-N 10,000 0
1/2-6-G 0.0312 0.5 6,400 11014
1/2-6-N 6,000 0
1-10-G ©J,000 11034
1-10-N 10,000 0]
1-6-G 0.0625 19 6,000 11014
1-6-N 6,000 o}
2:10-G 10,000 11034
2-10-N 10.000 0
2-6-G 0.1250 20 6,000 11014
2-6-N 6.000 0
3-10-G 10,000 11034
3-10-N 10,000 0
3-6-G 0.1875 3.0 6.000 11014
3-6:N 6,000 0

@ Designation system is: Wall thickness {inches) —-Nominal concrete strength (ksi)—
Gaged or N¢.t gaged huil,

b See Figure 4 for location of gage:.

Table 2. Mix Proportions and Cure Times

] ]
éz:;):s:?t?slig:;;: Water-to-Cement | Aggregate-to-Cement Cure Time in A:;rg::'::e
of Mix (psi) (by weight) Ratio {by weight) Ratio 100% RH (days) (days)
10.000 0.56 3.30 90 120
6,000 0.65 3.30 7 28




epoxy adhesive,
1/32 inch

water proofing epoxy,

1/32 inch ~ |

strain gages
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Wall Thicknesses
{in.)

t0.5=1/2in.: /16
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Figure 3. Cross-section of cylindrical hull with hemispherical end-closures.
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Figure 4, Strain gage layout for the cylindrical hulls.

Table 3. Aggregate Proportions

bottom hemisphere
cylinder joint

Sieve Size Designation
Percent Retained

Passing Retained

No. 4 No. 8 29.6
No.8 No. 16 208

No. 16 No. 30 14.7

No. 30 No. 50 10.3

No. 50 No. 100 7.3
No. 100 pan 17.3




Figure 6. Cylindrical concrete hull prior to being lowered into the pressure vessel for test.




TEST RESULTS AND DISCUSSION
Mode of Failure

Inspection of the hulls after testing indicated that failure occurred,
depending on wall thickness, either by compression-induced shear or by
buckling. Hulls with 1-, 2-, or 3-inch-thick walls imploded when the concrete
failed in the compressive-shear mode. The resulting shear plane could be
easily identified by examining the specimens after test; a typical shear plane
is shown in Figure 6. The shear planes were oriented parallel to the longitu-
dinal axis of the cylinder and formed an angle of from 20 to 40 degrees with
a tangent to the exterior surface. In most cases, the midlength of the shear
plane was between 16 and 24 inches from the edge of the cylinder and coin-
cided with the center of the implosion hole. This failure mode is representative
of material failure.

Figure 6. Compressive-shear failure of specimen 3-10-N.

T e s 4, V3




The shear planes that were evident in the thicker hulls were completely
absent from the 1/2-inch-thick hulls. These hulls shattered into many pieces
at failure {Figure 7), which made it impossible to locate the initial point of
failure. The mode of failure for these thin specimens appeared to be by
buckling, because at failure the maximum wall stresses ranged from 53 to
62 percent of the uniaxial compressive strength of the concrete (Table 4).

Figure 7. Fragments of specimen 1/2-10-G.

Table 4. Imptosion Test Results

wall Compressive Implosion Calculated Interior
Specimen . a Strength of plosio Pim Hoop Stress at 9Hmax
Thickness b, Pressure, - ; -
Number ) Concrete ” f¢ P (osi) fe Implosion, omax fe
: {psi) im 1P {psi)
1/2-10-N 10,700 376 0.035 6.210 0.58
1/2-10-G 12 10.900 349 0.032 5,765 0.53
1/2-6-N 5.420 203 0.037 3.355 0.62
1/2-6-G 5,760 214 0.037 3,535 0.61
1-10-N 10,700 1110 0.104 9,470 0.88
1-10-G 1 10.480 1,103 0.105% 9.410 0.90
1-6-G 6,620 547 0.083 4,665 0.70
1-6-N 5,920 530 0.090 4,520 0.76
continued
9




Table 4. Continued

Wall Compressive Jmplosion Calculated Interior

Specimen i a Strength ot Pl_m Hoop Stress at IHmax

Thick ness' b g Pressure, - . n
Number (i) Concrete,” f¢ P (psi) fe Implosnon: OHmax fe

{psi) m {psi)

2-10-G 9.840 2,335 0.237 10,670 1.08
2-10-N 2 9,950 2,455 0.247 11,220 1.13
2-6-N 6,080 1,387 0.228 6,340 1.04
2-6-G 6,060 1.447 0.238 6.615 1.09
3-10-G 10,350 3.75% 0.363 12,315 1.19
3-10-N 3 10,800 4,107 0.380 13.470 1.25
3-6-N 7.000 2,405 0.344 7.890 1.13
3-6-G 6,200 1980 0.319 6,495 1.05

4 Wall thicknesses of 1/2, 1,2, and 3 inches correspond to t/Dy, ratios of 0.0312, 0.0625, 0.1250,
and 0.1875, respectively.

b Average of six 3 x 6-inch control cylinders tested in uniaxial compression (see the Appendix}.

No evidence was found in the debris from the tested specimens 1o
indicate the presence of in-plane cracking. In-plane cracking is the develop-
ment of cracks parallel to the maximum principal stresses {or in-the-plane
of the wall) and has been found by other investigators working with concrete
spherical® and cylindrical®- 1" hulls under biaxial stresses,

Implosion

tmplosion performance was evaluated by comparing values for the
ratio of implosion pressure 1o concrete strength, P, /f.; the implosion test
results are presented in Table 4. This ratio accounts for small variations in
concrete strength. Figure 8 shows the best fit relationship between P, /.
and t/D, for the test results. The empirical equation which defines the best
fit curve is.

P.
™. 205 &

f—c, b " 0.028 (1

[}

for 0.0312 < /D, < 0.1875. Equation 1 can be used to predict the implosion
pressure of cylindrical concrete hulls under hydrostatic loading.

The implosion pressure for concrete cylindrical hulls subjected to
hydrostatic loading can be estimated by classical equations. Lame's equation
can be used to estimate the implosion pressure of cylindrical hulls which fail

1C




in the compressive shear mode, if failure is assumed to occur when the
maximum principal stress reaches the uniaxial compressive strength of
the concrete.? Lamé's equation is

2 2
re - o
o [}
Pim = ¢': (2)
2
2r;
where P, = implosion pressure due to compressive shear failure {(psi)
f¢ = uniaxial compressive strength of concrete {pst)
r, = exterior radius of hull {in.)
r. = interior radius of hull (in)

The implosion pressure of cylindrical concrete hulls of finite length that fail
by buckling can be estimated by Bresse’s equation.'® The equation is:

P, = — (L)’ 3)

where P, = implosion pressure due to buckling {pst)

E, = secant modulus of elasticity to 0.5 f{ {(psi)
y = Poisson’s ratio at 0.5 f;

t = wall thickness of the hull {in.)

D = mean hull diameter (in.)

A graphical presentation of Equations 2 and 3 is also given in Figure 8.

Figure 8 shows that the 1/2- and 1-inch-thick hulls (t/D, = 0.0312
and 0.0625) imploded at pressures lower than those predicted by Equation 2,
while the 2- and 3-inch-thick hulls (/D4 = 0.1250 and 0.1875) imploded at
pressures higher than those predicted by Equation 2. For the thinner hulls,
structural instability kept the concrete from developing its full compressive
strength before buckling or premature compressive shear failure occurred.
For the thicker hulls, the concrete in the walls was under a state of multi-
axial stress which permitted the concrete to resist stresses greater than the
uniaxial strength. At implosion, the 2- and 3-inch-thick hulls experienced
stresses that exceeded f. by 4 10 25% (Table 4).

1
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Strain

Figures 9 through 18 show the strain and radial displacement data
for the instrumented hulls. These data helped to define the influence of wall
thickness, concrete strength, and end-closure effects on the behavior of the
hulls.

Figures 9 through 12 show the exterior hoop strain behavior for
specimens of each wall thickness. These figures indicate that the hulls reacted
to increasing hydrostatic pressure in approximately the same manner regardless
of concrete strength. Within one outside diameter {16 inches) from the edge
of the cylinder, large variations in strain magnitude were present; these varia-
tions in strain magnitude increased with increased pressure. Beyond 16 inches
the strain magnitudes became somewhat uniform. This behavior was caused
by the stiffness mismatch that existed between the stiff hemispherical end-
ctosure and the more compliant cylinder; this is consistent with behavior
observed in References 5 and 7.

The hoop strain data also show that as the hulis became thicker,
the strain magnitude tended to become greater at a constant percentage of
P.n. This behavior is reasonabie because the concrete in the thicker walled
hulls is subjected to higher triaxial loading conditions than the concrete in
the thinner walled hulis. Table 5 shows that at 0.95 P, ,, the theoretical
radial stress component on @ midwall element increased from 3 to 26% of
the hoop stress component and from 6 to 41% of the axial stress component
when the wall thickness was increased from 1/2 to 3 inches. It is known that
concrete under a high triaxial loading state can sustain higher stresses and
strains than concrete under a low triaxial {or biaxial/uniaxial) loading state.

Table 5. Theoretical Midwall Stresses at 0.95 P; ¢

{All stresses are compressive.)

Wall Thickness. | Applied External | Radial Stress, | Hoop Stress, | Axial Stress, | 9R 9R
t (in) Pressure, P {psi} oR (psi) oy (psi) oa (psi) aH oA

1/2 345 170 5,460 2820 0.03 | 0.06

Il 1,050 580 8,380 4,480 0.07 | 0.13

2 2,280 1,380 9,020 5210 0.15 | 0.25

3 3,740 2,520 9,720 6,130 0.26 | 0.41

9 Pim was 363, 1,105, 2,400, and 3,940 psi, respectively, for the 1/2-, 1-, 2-, and 3-inch-thick hulls.

13




Hoop Strain, ¢y (win./in)

Hoop Strain, €y luin.fin))

Concrete strength = 10,000 psi

-3.000 - — — — — Concrete strength = 6,000 psi

) Average hoop strain for specimen 1/2-13-G
as indicated by displaced water

-1,000 —~

-
joint 4 8 12 16 20 24 28 32
Distance From Edge of Cylinder (in.j

Figure 9. Exterior hoop strain for specimens 1/2-10-G and 1/2-6-G.
Concrete strength = 10,000 psi

— ——=—Concrete strength = 6,000 psi
~—(—Average hoop strain for specimen 1-10-G

-3,000 ‘T as indicated by displaced water

joint 4 8 12 16 20 24 28 32
Distance From Edge of Cylinder (in.)

Figure 10. Exterior hoop strain for specimens 1-10-G and 1-6-G.
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Figure 11. Exterior hoop strain for specimens 2-10-G and 2-6-G.
Concrete strength = 10,000 psi
-4,000 — — — — Concrete strength ~ 6,000 psi

—(O——— Average hoop strain for specimen 3-10-G
as indicated by displaced water

Hoop Strain, €y {uin./in.)

4 8 12 16 20 24 28 32
Distance From Edge of Cylinder {in.)

Figure 12. Exterior hoop strain for specimens 3-10-G and 3-6-G.
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Axial Strain, €4 {uin./in.)

Axial Strain, e 5 (uin.fin.}

-750 4

Concrete strength =~ 10,000 psi
= = = =  Concrete strength = 6,000 psi

No data taken between 8 and 24
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- \~‘ —— — __/\
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joint 4 8 2 16 20 24 28 32
Distance From Bottom Joint {in.)
Figure 13. Exterior axial strain for specimens 1/2-10-G and 1/2-6-G.
Concrete strength = 10,000 psi
== —— = Concrete strength =~ 6,000 psi
~1.500 + —_— No data taken between 8 and 24
inches from joint
— " 095 P,
===
-1,000
0.6 Pypy
—— /
-500 A - T ———
\/ 03 Pim
0 T T — T Y S T T
joint 4 8 12 16 20 24 28 32
Distance From Bottom Joint (in.)
Figure 14. Exterior axial strain for specimens 2-10-G and 2-6-G.
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1
Pressure Levels (% of P} . )
{a) 1/2 in. from edge of cylinder. o -o {b) 8 in. from edge of cylinder.
a =030
4 O =060 4

0 - o095 {

Displacement Scale, 1/8 in. = 1 x 10'2 n.

{c) 16 in. from edge of cylinder. (d) 32 in. from edge of cylinder.

Figure 15. Radial displacement of the exterior surface of specimen 1/2-10-G.

The change-in-volume data were converted to average exterior hoop
strain by the thick wall theory. These calculated average values for hoop
strain are plotted in Figures 9 through 12 at 0.95 P, and serve as a check
on the strain gage data.

Figures 13 and 14 show the axial strain behavior of 1/2- and 2-inch-
thick cylinders, respectively. These figures are typical for the behavior of all
the instrumented cylinders. In general, the axial strain at 8 inches from the
edge of the cylinder was the same as that near the cylinder's midiength. No
distinct trends in axial strain behavior were found that couid be attributed
to variations in concrete strength.,

17




] Pressure Levels (% of Pjm) 1
. ) o =0 . .
(a) 1/2 in. from edge of cylinder. o - 030 (b) 8 in, from edge of cylinder.
o = 060
T =095
4 Displacement Scale, 1/8 in. = 1 x 1072 in. 4
.
et
5 3 5 3
6 2 6 / 2
1 1
{(c) 16 in. from edge of cylinder. (d) 32 in. from edge of cylinder

Figure 16. Radial disptacement of the exterior sui face of specimen 1-10-G.

Figures 15 through 18 show the radial displacement™ of the exterior
surface for the cylindrical hulls. These figures reveal some interesting patterns
of behavior. At 1/2 and 32 inches from the edge of the cylinder, all specimens
remained quite circular at all levels of pressure. At 8 and 16 inches from the
edge, the 1- and 3-inch-thick specimens showed marked deviations from axial
symmetry and large amounts of out-of-roundness under load. The probable
cause for the deviations from symmetry and roundness is the presence of
initial out-of-roundness in the specimens combined with the influence of
the stiffness mismatch between the hemispherical end-closure and the cylinder.

* Radial disptacement is the product of hoop strain and radius 10 the surface of interest,
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Figure 17. Radial displacement of the exterior surface of specimen 2-10-G.

DESIGN PROBLEM

Design a cyhindrical concrete hull of 25-foot inside diameter,
100-foot length {cylinder portion only} and 100,000-pound positive buoyancy
for long-term operation at a depth of 1,000 feet, Assume the use of hemi-
spherical end-closures of the same wall thickness as the cylinder and concrete
of 7,000-psi uniaxial compressive strength.
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Pressure Levels (% of Piy,) 1
=0
{a} 1/2 in. from edge of cylinder. = 0.30 (b) 8 in. from edge of cylinder.
= 0.60
= 0.95

Displacement Scale, 1/8 in. = 1 x 10'2 in.

4 . 4
3 5 3
2 6 ~2
1 1
(c) 16 in. from edge of cylinder (d} 32 in. from edge of cylinder.

Figure 18. Radial displacement of the exterior surface of specimen 3-10-G.

Because a buoyancy requirement ts part of the example problem,
the first step is to determine cylinder wall thickness based on buoyancy.

T 100«
T pg 4 1007 )

64(6

(a) Displacement of hutl

33.51 D3 + 5,027 D2

20




1007

{b) Weight of hull 4

150[% (D3 - 25%) + (D2 - 252)

78.54D3 + 11,780D2 - 8,590,000
{c) Displacement - Weight = Buoyancy
(1) (33.51 D2 + 5,027 D2) - (78.54 D3 + 11,780 D2 - 8,590,000)
= 100,000
(2) 45.03D3 + 6,753D2 = 8,490,000

(3D, = 32.17 ft

D,-D
2

(d) Wall thickness, t =

32.17 - 25.00
2

H

3.58 ft

Next, it is necessary to check the design to be sure that there is a
safety factor of at least 3 on the structure as it may be manned and used for
long-term operations.,

(3) Py, = 1;(2.05 o- - 0.028) (1)
o
= 7x10%(2.05 %5% - 0.028)

1,397 psi

(b) Convert 1,397 psi to depth of water in feet:

Implosion Depth 1,397 x 2.24

3,130 ft
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Implosion Depth
Operating Depth

{c) Safety Factor =

3,130/1,000

3.13

Since the safety factor is greater than 3.0, the wall thickness derived
through buoyancy considerations is, therefore, satisfactory. If the safety
factor had turned out to be less than 3.0, then a concrete mix with a com-
pressive strength greater than the specified 7,000 psi would have been required.

If the structure’s buoyancy is not of major concern, Figure 19 can be
used 1o quickly determine the cylinder wall thickness needed for a given depth
and factor of safety. To solve the example problem using Figure 19 as the
design guide, the following steps are required.

{a) Convert operating depth to pressure in psi:
Pressure, P = 1,000 ft x 0.446 = 446 psi
{b) Calculate P/f.:

P/ = % = 0.064

(c) Enter Figure 19 at P/f; = 0.064 and read across until the 3.0
factor of safety curve is intersected. Read out /D, = 0.108

(d) Sincet = (D, -D;)/2, t = 0.108 D, and D; = 25.00 ft, then
D, = 31.89 ft
t=3.44 ft

Note that the wall thickness obtained using Figure 19 is slightly less
than that obtained using Equation 3 and buoyancy considerations. This is
because depth controlled the design of Figure 19; the result is a structure
that has approximately 150,000 pounds more buoyancy than the 100,000
pounds specified in the example problem,

The final design of cylindrical concrete hulls for use in the ocean
would have to include steel reinforcement to resist handling loads; such
design measures can be accomplished with conventional reinforced/prestressed
design techniques and are not inctuded herein.
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Figure 19. Design guideline for cylindrical concrete hulls with hemispherical
end-closures (based on Equation 1),

FINDINGS

1. The implosion pressures for the concrete cylindrical hutis showed a direct
relationship to increases in concrete strength from 6,000 to 10,000 psi and
to increases in the ratio of wall thickness to outside diameter for values from
0.0312t00.1875. A linear empirical equation, Equation 1, was developed
to predict the implosion pressures.

2. Implosion pressures ranged from 208 psi for the 1/2-inch-thick hulis of
6,000-psi concrete strength to 3,930 psi for the 3-inch-thick hulls of 10,000-
psi concrete strength.

3. Two modes of failure for the hulis were observed: the 1/2-inch-thick
hulls {t/D, = 0.0312) failed by buckliing, while the 1-, 2-, and 3-inch-thick
hulls (/D = 0.0625, 0.1250, and 0.1875) failed by compression shear type
material failure.

4. Strain data showed that end-closure effects were minimal beyond one
outside diameter trom the end-closure-to-cylinder joint,
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CONCLUSIONS

This study on the influence of concrete strength and wall thickness
and previous studies on the influence of cylinder length and end-closure
stiffness have demonstrated that concrete is a predictable material for
pressure-resistant cylindrical structures. |t is estimated that buoyant,
cylind,.cal concrete structures will have applications to the ocean depth
of 1,500 feet.

RECOMMENDATIONS

1. It is recommended that Equation 1 or Figure 19 be used as a guideline
for the design of cylindrical concrete hulls for use under the sea.

, t
P, = fc(2.05 5 - 0.028) (1)
where P, = implosion pressure (psi)
f. = uniaxial compressive strength of concrete (psi)
t = wall thickness (ft}
D_ = outside diameter {ft)

]

2. 1t is recommended that the region between the end-closure-to-cylinder
joint and one outside diameter fromn the joint not be used for penetrations in
concrete cylindrical hulls if alternate locations are available. if this location
is used for a penetration, then an appropriate increase in the factor of safety
is recommended.*
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Appendix

CONTROL CYLINDER DATA

The test results from the 3 x 6-inch control cylinders for the cylindrical

hulls are presented in Table A-1. The nominal 10,000-psi concrete strength
mix produced average values for f_, E_, and » of 10,460 psi, 3.56 x 108 psi,
and 0.19, respectively; the nominal 6,000-psi concrete strength mix produced
average values of 6,130 psi, 2.68 x 108 psi, and 0.16, respectively, for the

same three parameters. All hemispherical end-closures were made from a

high-strength mix which had average values of 8,840 psi, 3.18 x 108 psi, and
0.17, respectively.

Table A-1. Test Results for 3 x 6-inch Control Cylinders

Specimen Compressive Strength of Secant Moduius of Poisson’s Age at
Designation Concrete, ¢ {psi} Etasticity 4 Eg lpsix 106) Ratio,” v Test {days)
1/2-10-N 10,700 3.47 0.18 101
1/2-10-G 10,800 3.85 0.18 124
1/2-6-N 5,420 2.58 0.18 16
1/2-6-G 5,760 2.29 0.16 32
1-10-N 10,700 3.72 0.20 117
1-10-G 10,480 3.55 0.20 118
1-6-G 6.620 2.67 0.16 28
1-6-N 5920 2.70 0.17 27
210-G 9,840 3.58 0.18 118
2-10-N 9.950 3.36 0.19 124
2-6-N 6,080 2.9 Q.15 23
2-6-G 6,060 2.87 0.12 24
3.10-G 10,350 3.59 0.22 119
3-10:N 10.800 3.40 0.14 119
3-6-N 7,000 280 0.15 27
3-6-G 6,200 2.66 0.2} 27

4 Average of two 3 x 6-inch control cylinders to 0.5 f_.
4 Average of two 3 x 6-inch control cylinders,
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ABSTRACT

Twelve model concrete cylindrical hulls were subjected to hydrostatic
loading to determine the influence of end-closure stiffness on implosion pres-
sure and strain behavior of the cylinders. Results showed that variation of
end-closure stiffness did not reduce the implosion pressure below that of a
cylinder with a free end condition or below the implosion pressure predicted
by elastic thick-wall theory. To vary the closure stiffness, concrete hemisphere
and steel plate end closures were used to simulate free, pinned, beveled, and
fixed end conditions. Strain variations along the length of the cylinders indi-
cated that the influence of the closure was limited to a distance of one diameter
from the closure. Recommendations are presented to aid in the design of
concrete cylindrical hulls.
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INTRODUCTION

The prospective use ot concrete cylindrical hulls for undersea
installations requires that some form of end closure be provided. The
closure may be a shell or plate made ot concrete or another material; or
the closure may be another structure to which the cylindrical hull connects,
such as a sphere. The ditterence in stiffness between the cylinder and the
closure will affect the structural behavior of the cylindrical hull.

The primary objective ot this investigation was to determine the
etfect of the end-closure stiffness on the structural behavior of thick-walled
concrete cylindrical hulls subjected to hydrostatic loading. The etfect of the
end closure was studied by testing experimental models and by analyzing the
models with a finite element technigue. The secondary objective was to com-
pare the experimental behavior with the analytical behavior to determine the
accuracy of the analytical method.

The ultimate purpose of this research is to aid in developing design
guidelines for the accurate and sate design ot undersea concrete structures.
Apphications tor such undersea structures include stations to monitor ocean
activities, nuclear reactor containment structures, transportation tunnels,
mineral refinement plants, and o1l drithing enclosures.

BACKGROUND

Previous experimental research at the Naval Civil Engineering
Laboratory (NCEL) on model cylindrical hulls determined the etfect of
the cylinder length-to-outside-diameter ratio {L/D,)* on the strain behavior
and implosion pressure of the hulls and indicated the mimimum length-to-
diameter ratio which approximates a cylinder of "infinite”"** length.1
Fourteen concrete cylindrical hulls were tested. These hulls had an
outside diameter of 16 1nches and a 2-inch wall thickness. End closures

* A foldout hst of symbols is inciuded dfter Retarences,

** An “infinitely long” cylinder 1s one in which radiat disptacements are unitorm
along the length,

R S,
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were concrete hemispheres with a 16-1inch outside diameter and 2-inch wali
thickness. The L/D, ratio was varied trom 0.5 10 8.0. Principal findings ot
the study were that:

1. A cylinder with an L/D,, ratio of 2.0 or greater can be considered
infinitely long.

2. Extenor hoop strains were nearly unitorm beyond a distance
equal to or greater than one outside diameter trom the cylinder
end.

3. Cylinders with an L/D ratio greater than 2.0 imploded at a
pressure loading of approximately 2,500 psi, which was conser-
vatively predicted with Lamé's elastic thick-wall theory.

4. Hoop strains around the circumierence of a cylinder at midlength
were not uniform, apparently a flat spot developed which eventually
resulted in the hull faillure,

Along with the experimental investigation, the cylinders were analyzed
with a finite element method developed by E. L. Witson.2 The finite element
analysis indicated behavior similar to that determined 1n the experimental
findings.

EXPERIMENTAL PROGRAM

Scope

This investigation was principatly an experimental study of 12 model
concrete cylindrical hulls with concrete hemisphere and steel plate end closures.
The closures were used to create various amounts of fixity at the cyhinder ends.
The only intended varniable in the experiment was the closure stitfness. The
structural behavior of the cylinders was studied by measuring the exterior
strain ot the models as they were subjected to hydrostatic pressure loading.

All cylinders were tested to implosion,

The experiments were designed to yield sufficient data to show the
infiuence of end-closure stiffness on the structural behavior. These data were
then compared with the results from a finite eiement analysis of the cylinder
models to determine the difference between actual and theoretical behavior.
The analytical and experimental findings were used to tormulate the recom-
mendations for design guidelines,




Design of Specimens

The 12 mode! concrete cylinders were similar to those tabricated in
the previous research study,! with a length-to-diameter ratio (L/D) of 2.0
and thickness-to-diameter ratio (t/D,) of 0.125. The cyhinders had an outside
diameter of 16 inches, wall thickness of 2 inches, and length of 32 inches.

Four end-fixity conditions were used and ranged from approximately
no end restraint to infinite restraint (Table 1). Two cylinders each were tested
with free end and pinned end conditions, and four cylinders each were tested
with beveled end and fixed end conditions.

To produce the least restraint, concrete hemispheres with a 16-inch
outside diameter and 1-inch wall thickness were bonded with epoxy to each
end ot a cylinder (specimens 1 and 2). Elastic thick-wall theory predicted
that the 1-inch-thick hemisphere would have a radial detlection 0.95 times
the deflection ot the 2-inch-thick cylinder; theretore, the hemispherical end
closure was approximately 5% stiffer than the cylinder. Because ot this small
difterence, the hemispherical closure would produce little end restraint, and
the cyhndrical hull would respond to hydrostatic loading in @ manner similar
to that of a portion of an intinitely long huli, Hence, hemispherical end clo-
sures having a wall thickness one-half that ot the cylinder were considered as
providing free end restraint conditions.

Specimens 3 through 8 had one end ot the cylinder capped with a
16-inch-OD, 1-inch-thick concrete hemisphere and the other end with a steel
plate closure. Specimens 9 through 12 had one end capped with a 16-inch-OD
x 2-inch-thick concrete hemisphere and the other end with a steel plate closure,
The 1-inch-thick hemisphere was used at one end so that any variation in the
structural behavior along the length of the cylinde' wuuid pe caused by the
various plate closures and the cylinder would respond as a semi-infinitely
long cylinder with one end restrained. Even though the 1-inch hemisphere
would provide the desired free restraint conditions, 1t would produce an edge
bearing effect which might influence the hull imploston behavior. The 2-inch
hemispheres were used to avoid edge bearing effects, although the thicker
hemispheres would somewhat restrain cylinder deflection.

A cylinder length-to-diameter ratio of 2.0 was chosen because, as
determined by Haynes and Ross,! a cylinder with an L/D, ratio of 2.0 or
greater behaved as an infinitely fong cytinder  Therefore, any variation in
structural behavior caused by varying the end closures could be assumed to
be the result of changing the restraint at one end of the cylinder and not of
any influence at the other.
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The steel plate end closures are shown in Figure 1. Specimens 3
and 4 had a steel plate end closure which simulated a pinned end condition,
The closure was designed to permit nearly free rotation white preventing
radial displacement. As shown in Figure 2, a steel ring was grouted between
the bearing edge ot the ciosure and the concrete cylinder. This ring prevented
excessively high bearing stresses. Because the ring was grooved and tlexible,
1t did not restrain the cylinder rotation.

Specimens b, 6, 9, and 10 had a beveled steel plate end ciosure
(Figure 3). Both the plate and the cylinder were fabricated with a 45-degree
beveled edge. This contfiguration was designed to partially restrain both the
radial deflection and rotation of the cyhinder. The beveled condition also
represented a design which might be practical for movable closures.

The steel plate closure for specimens 7, 8, 11, and 12 was designed
to ensure tull fixity of the cylinder end by restraining radial deflection and
rotation. The tixed end closure {Figure 4) hit around the cyhinder end so
that the cylinder penetrated the plate 3 inches,

Fabrication of Specimens

The concrete (technically a microconcrete or mortar, because the
largest aggregate passed a no. 4 sievel used 1o cast both the cylinders and
hemispheres had a compressive strength ranging trom 5,910 to 10,640 ps
and elastic moduh from 2.4 x 108 10 3.8 x 108 psi. Details of the mix design
and physical properties ot the concrete are presented in Appendix A,

Thne cyhinders were cast vertically in rigid steel molds (Figure ). The
molds were machined to diameter tolerances ot +1/32 inch, and could be
separated into parts for easy removal from the cast cylinder.

The two cyhinder sections which were to have the same type end
closure were cast on the same day but from ditferent batches ot concrete,
During casting, the concrete was vibrated both internally and externally to
assure good compaction and homogeniety. The molds were removed one
day after casting, and the sections were cured 1n a frgroom at 100°. RH
and 739F until the concrete aged 28 days. Upon removal from the tog
room, the cylinders were stored at room conditions within g building
white being instrumented and having the end closures attached.

The concrete hemispheres were cast in rigid aluminum molds.
External vibration was used during casting to ensure compaction. The
hemispheres were cured under the same condinions as were the concrete
cyhinder sections. The flat edges on the cylhinders and hemispheres were
ground smooth and plane by rotating the sections on a sheet ot plate glass
covered with water and silicon cartnde grit no. 60,
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Figure 1. Steel plate end closures.
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Figure 2. Pinned end closure with bearing ring in cylinder.

Figure 3. Beveled end closure with cylinder and hemispherical end.



Figure 4. Fixed end closure with cylinder and hemispherical end.

Figure 5. Rigid steel mold partially assembled for casting.




The steel end closures were machined from 6-inch-thick A36 steel
plate. Dimensions were within a tolerance of £0.005 inch. Drawings of the
plate closures are shown in Appendix B.

The end closures were epoxy-bonded to the cylinders while the
cylinder was in a vertical position. The hemispherical closures were placed
first {Figure 6), using a high-strength epoxy (Furane Plastics, Epocast 8288).
After 1 week the cylinder was inverted, and the other closure was fitted in
place. For specimens 1 and 2, the second hemisphere was epoxy-bonded to
the edge of the cylinder. For specimens 3 and 4, steel bearing rings were
grouted to the cylinder interior surface with a neat cement paste, then the
pinned end ciosure was epoxy-bonded to the edge of the cylinder. The
pinned end closure fit snugly into the bearing ring. The beveled end clo-
sure was epoxy-bonded to specimens having beveled edges {Figure 7) with
a bond approximately 0.020 inch thick, To attach the fixed end closure,
the deep groove of the closure was painted with a thick coat of a low-
viscosity, steel-filled epoxy (Furane Plastics, Epibond 154) and the closure
was lowered onto the cylinder. The epoxy flowed sufficiently to ensure
that the bond between the closure and the cylinder was complete and that
the closure was correctly seated.

Figure 6. Hemispherical closure being epoxy-bonded to cylinder.




Figure 7. Beveled end closure with differential transformer ready for bonding.
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After assembly, each speaimen was coated with a waterproofing
epoxy so that the concrete woald remain dry during pressute testing.

Instrumentation

Specimens 1 through 8 were instrumented with electrical resistance
strain gages (BLH A-5-1-S6) located on the exterior surtace i the hoop
direction only. Specimens 9 through 12 were not instrumented. Figures 8
through 11 show the gage layout tor the free, pinned, beveled, and fixed end
conditions, respectively. The gage layouts for the specimens were similar in
that they measured the hoop strains along two radially opposite lines parallel
to the cylinder axis. The strains along these lines, designated A and B, show
the inftuence ot the end closure on the radial displacement relative 1o the
distance from the ctosure, Six gages were placed around the cylinder at
locations 2, 8, and 16 inches from the edge ot the closure. These strain
measurements around the carcumfterence show cylinder out-of-roundriess
and the development of tlat spots.

The strain gages were attached to the cylinder with an epoxy
(EPY 150) and were waterprooted with a microcrystalhine wax.

e 171 e 27 e - S —— ——— 8" e o 2 e
‘ i ) ‘
- - — = - =
+ o~ + & é S
-— - -
- ——

not to scale

+ 2 gages

O 6 gages line A —»px—__jocation for two and six gages

(o]
300 /\ - 60°
K location for six gages only

A\
(e]
240 \_/ 120°

hine B —®+~=——{ocation for two and six gages
180°

Figure B. Strain gage layout, specimens 1 and 2 (free end closures).
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Figure 9. Strain gage layout, specimens 3 and 4 {pinned end closures).
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Figure 10. Strain gage layout, specimens 5 and 6 (beveled end closures).
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Figure 11. Strain gage layout, specimens 7 and 8 (fixed end closures).




A linear differential transformer was used on specimens 3 through 8
to measure the interior radial displacement of line A at a distance 1 to 3 inches
from the closure. The transtormer {pictured in Figure 7} was used principally
to provide data for comparison with the exterior displacements measured by
strain gages. The transformer was connected to a bracket having a highly
magnetized base plate which rigidly adhered to the steel end closure,

During assembly of the specimens the strain gage lead wires were
run down the exterior of the cylinder, through a penetration in the lower
hemisphere to the interior, then out of the cylinder through the upper end
closure. The lower penetration was potted with epoxy. The lead wire from
the ditferential transformer was brought out of the cylinder through the upper
end closure,

During the pressure test, strain gage readings were recorded on a
Datran | Strain Indicator and Recorder System. The measurements were
within an accuracy ot £ 10uin./in. The differential transformer was moni-
tored with a N-type strain indicator previously used to calibrate the
transtormer.

Test Procedure

All specimens were tested in the 72-inch-1D x 160-inch-long
hydrostatic pressure vessel at NCEL. Atter the specimen was attached to
the head of the vessel (Figure 12}, the cylinder was partially filled with water
to reduce the violent forces created by implosion. The strain gage and differ-
ential transtormer tead wires were brought out of the vessel through the
connection in the vessel head.

The specimen was then loaded under hydrostatic pressure at a rate
of 100 psi per minute between data recordings until implosion occurred.
Strain and transtormer readings were taken every 100 psi. The time
required to record the data was approximately 30 seconds, during which
the pressure loading was held constant,

After implosion the specimen was removed from the vessel and
inspected,

TEST RESULTS
Failed Specimens
The taiture mode of specimens 1,2, 3,4, 5, 6, and 8 was a bearing

shear type failure at the joint between the concrete hemispherical end
closure and the cylinder (Figure 13). The shear plane was at approximately
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3 45-degree angle and ranged between one-sixth to one-half ot the circumterence
at the joint. The failure plane was not limited to the cylinder section but ran
continuously through the cylinder, epoxy joint, and hemisphere. In every case
hemisphere fragments remained firmly bonded to the cylinder,

Implosion of specimen 7 was caused by a local failure ot the concrete
hemisphere (Figure 14). The sides ot this local failure showed the typical con-
crete compression faiture observed in previous studies of concrete spheres?'4

The tatlure mode of specimens 9, 10, 11, and 12 was a concrete
compression type failure of the cylinder (Figures 15 and 16 show typical
examples). The shear plane angle was between 30 and 45 degrees tangent
to the exterior surface and ranged between the bottom and top of the hole
(Figute 15). The fatlure plane was located between 4 and 12 inches from the
edge of the steel plate end closures. This failure mode was identical to that
observed by Haynes and Ross! on 2-inch-thick cylinders capped with 2-inch-
thick hemispheres,

Forces created by implosion caused the bond to break between the
cyhnder and the pinned and beveled end closures. The fixed end closures
remained attached to the cylinders. The steel plates showed no damage or
dimensional change after the test,

o

wi} y

Figure 12. Cylinder with fixed end closure being lowered into pressure
vessel for hydrostatic test.
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Figure 14. Local failure of hemispherical end on specimen 7.
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Figure 16. Close up of failure plane of specimen 9.




Implosion Data

Implasion test results are presented in Table 2. The implosion
behavior of the specimens was compared using the ratio of implosion pres-
sure o concrete strength, P, /f.. This ratio accounts for differences in
implosion pressures caused by variation of concrete strength.

Table 2. tmplosion Test Data

Specimen Eﬁd Implosion Pressure, Plm g:i’;;ﬁ;: P
No. Condition {ps1) f"i : moc
c

1 froe 1.800 7.860 0.229

2 free 2.195 9,800 0.224
3 pinned 2,300 9,420 0.244
4 pinned 2.355 9,270 0.254
5 beveled 1.14% 5,940 0.193
6 beveled 1,350 5910 0.226

7 tixed 2275 q.100 0.250
& fixed 2.100 9,260 0.236
Q beveled 2,655 10,480 0.292
1) beveled 2480 10.640 0.234
" tixed 2835 &, 700 0.324
12 fixed 2,434 Q580 0.2H4
b 2. thick hennsphere 2,600 10,120 0.2%7
b 2t ik hensg e 2 800 10,120 0.277

4 The concrete strength s an average ot six 3 x G6-nch control
cyhnders made trom the same conerete used to cast the

cyhnder section,

b Data trom expenments by Haynes and Boss on concrete
cyhinders with L/D g = 2.0 and with 16.00h-QD x 2-nch.
wall thnckness hemmsphencal closures on vach end 1

17




Strain Data

Figures 17 through 24 present the extenor hoop strains of lines
A and B versus the distance from the edge of the end closure for specimens
1 through 8, respectively. So that the various specimens could be easily
compared, the strains were plotted at two pressure levels corresponding to
two ratios of applied pressure to concrete strength of the cylinder section,
P/f, = 0.10 and P/f_ = 0.20. The measured "‘distance from edge of closure”
for specimens 1 and 2 was the distence from the hemisphere—cylinder joint,
tor specimens 3 and 4 t was from the bearing point of the pinned end clo-
sure, for specimens 5 and 6 1t was from the interior edge of the bevel of the
cyhnder section, and for specimens 7 and 8 it was from the edge of the
interior tace of the fixed end closure,

Figures 25 through 32 present the exterior hoop strains around the
arcumterence at 2, 8, and 16 inches from the edge of the closure versus the
degrees around the circumference for specimens 1 through 8, respectively.
As betore, the strains were plotted at two ratios of applied pressure to con-
crete strength. Line A was designated as the 0° point, and the angle around
the circumterence increased clockwise as one would view the cylinder trom
the end with the steel plate closure.

4,000 T 1‘
| | ’
. Line A
— — — Line B
e Analysis
3000 __ < Strain on infinite-iength B
- cylinder {(from Reference 1)
£
= |
c ———
é [ 7(/,\: ~ T el ‘f,__:_.—d
€ / !
g / P/f, = 0.20
E » R |
8
s I
*
w
1000 1 eH=010
R SR
0
0 5 10 15 20

Distance From Edge of Closure (in.)

Figure 17. Strain along length of specimen 1.
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Figure 24. Strain along length of specimen 8.
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Figure 25. Circumferential strain, specimen 1.
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Figure 26. Circumferential strain, specimen 2.
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Figure 27. Circumferential strain, specimen 3.
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Figure 28. Circumferential strain, specimen 4.
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Figure 30. Circumferential strain, specimen 6.
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Figure 31. Circumferential strain, specimen 7.
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Figure 32. Circumferential strain, specimen 8.

Linear Differential Transformer Data

Ditterential transtormers were not used on specmens 1 and 2. The
transiormers on specitmens 5 and 7 were inoperable because when the closures
were 2poxied to the hulis some epoxy had Howed down the inner side of the
fialls andt bonded the rod 1o the cod. Figure 33 shows P/fL platied versus the
stde tadial detlection and calculated intenor hoop stramn tor specimens 3, 4.

U, AN 9.
Finite Element Analysis

The fintte element techngiue was used to analyze specimens 1, 3,5,
and 7. The concrete strengths ot each cylinder and the bilinear stress—stram
curves tor the concretes were used in the analysis (the bilinear curve is dis-
cussedin Appendix A). The results ot the analysis are plotted along with
the experimaental data on Figures 17,19, 21, and 23 for the respective
specimens. Ttwas assiimed that there was no initial out-of-roundness in
any cyhinder and theretore no development ot a tHat spot as load was applied.
In the andalyses, the mechamnical properties of the cylinder also were used 1o
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the hemisphere end. The connections between the cylinder sections and
the steel plates were assumed 1o be ""perfect’” connections; that is, there was
no discontinuity between the cylinder and the "'pin’’ tor specimen 3, the
beveled plate was symmetric with a uniform epoxy joint for specimen 5,
and full fixity occurred at the joint between the cylinder and the plate for
specimen 7.

The exterior radial displacements were calculated for specimens
3,5, and 7 at the positions where the differential transtformers were located.
These data are plotted in Figure 33 along with the experimental results.

DISCUSSION
Implosion Behavior

Lamé's elastic thick-wall theory was used to predict the implosion
pressure of the cylindrical hulls by assuming that failure of the cylinder
occurred when the interior hoop stress reached the ultimate concrete
strength. The Lamé expression 1s

2 -r2
Pm = —T' (1
2rg
where P, = 1mplosion pressure (psi)
fo = ultimate umaxial concrete strength (pst)
r, = antenor radras, which s the location under consideration {in.)
ro 7 extenor radhus (in)

When the dimensions of the specimens are substituted in Equation 1,
the resutting implosion pressure 15

Pn = 02191, (2)

m

ot the ratio ot implosion pressure 1o concrete strength (P /i) 15 0.219,
All specimens except specimen b imploded at a pressure higher than
that predicted by Lamé's equation. The P /f ratio for specimen 5 was 12%

lower than 0.219. The average P, /f. ratio for specimens 1 through 8 was
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0.232, tor specimens 9 through 12 it was 0.266, and the average for all
specimens was 0.244. Haynes and Ross! found that the P, /f; ratio tor
cyhinders with a L/D ratio greater than 2.0 ranged between 0.220 and
0.277 with an average ot 0.250.

0.25 T 1 1 o1 7T 11 I T 11
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2L /
g - .
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8 i l' ‘ /’ ..*
1 A :
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2 Li ’ 4 1. Analytical exterior deflections were calculated _|
:‘;; H / J using the finite element analysis. B
3 Lily 2. Specimen 3 and 4-—Pinned end closure, radial _|
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2 3 deflection 1 inch from edge of closure. —
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Figure 33. Linear differential transformer data: radial deflection and
interior hoop strain near end closure on line A.

Theretore the specimens ot this study generally tailed at pressures
between those which caused fatlure of “infinitely” long cylinders and those
predicted by elastic theory.

The mode of failure observed by Haynes and Ross' was that a section
of the cylinder imploded by forming a shear plane approximately parallel to
the cyhnder axis. An dentical fariure mode was observed in specimens 9
through 12, The shedar plane in the latter specimens occurred near the
hermispherical closure rather than near the plate closure. Although both
closures induced a strain increase about 8 inches from the edge, the stiffer
closure apparently restrained the cylinder more than did the hemisphere,
allowing the concrete 1o collapse near the hemispherical closure. Except
for sphere 7, specimens 1 tnrough 8 failed by concrete shear created by high
bearing stresses on the edge of the cylinders. This mode of tailure caused
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specimens 1 through 6 and specimen 8 to implode at pressures an average 15%
lower than implosion pressures of specimens 9 through 12 and an average 8%
lower than those recorded in the previous study. Table 3 lists the end bearing
stresses produced by the hemispherical closure, the concrete strength of the
cylinder section, and the percentage difterence. The bearing stress at implo-

sion was essentially equal to the concrete strength. This indicated that the
specimens failed because the bearing stress reached the ultimate concrete

strength.

Table 3. Bearing Stresses Produced by 1-Inch-Thick Hemispherical Closures

I
tf e >
Calculated Concrete Strength Or efengc Between
Specimen . . Bearing Stress and
Bearing Stress of Cyhnder Section, f R
No. : < Concrete Strength®
at Implosion (psi) y ’
(95)
1 7.680 7.860 -2.3
2 9,380 9,800 -43
3 9810 9.420 +4.1
4 10,050 9,270 +8.4
5 4,880 5940 -178
6 5,760 5910 -25
7 9,700 9,100 +6.6
8 9,350 9,260 +1.0
bearing stress - f,
Y Differenge = ————=————= x 100,

f

[+

Strain Behavior

The strains observed in these experiments were exterior strains only.
I1)s Jogical 1o assume that the locations of maximum exterior and interior
hoop strains were the same and that the structural response at the exterior
was similar to that at the interior. Elastic thick-wall theory predicted that
the interior strain would be 33% greater than the exterior strain; Haynes and
Ross found that the interior strains were between 33% and 50% greater.!
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Theretore, in reviewing the graphs ot "'strain versus distance trom edge of
closure” (Figures 17 through 24}, the reader should recognize that the
maximum strains were more than one-third greater thar those recorded.

Strain Variation Along Cylinder Length. The influence of the end
closure on the strain along the cylinder length is reviewed for each specimen
n Appendix C. Generally, the pinned, beveled, and fixed closures produced
similar cylinder behavior  nearly complete restraint against radial detlection
at the cylinder end, a maxtmum deflection at a distance approximately 8
inches from the edge of the closure, and significant shear strain in the region
between the end closure and the point of maximum deflection. The intiuence
ot all closures was himited to a distance of approximately 16 inches trom the
end.

This behavior was similar to that observed by Haynes and Ross 1
Ther results of strain versus distance 1rom edge ot closures’ are shown in
Figure 34 On all the various length cylinders, the closures were 2-inch-thick
henuspheres, Hoop strains were measured trom the ciosure edge 10 the
mudienath of the cylinder . The response ot cyhinders with L/Dy = 1 and
L/D, = 4 was similar to that of specimens 3 through 8 restrained deflection
nedr the closure, increased detflection between 4 and 8 inches from the edge,
and more unitorm detlection beyond 16 inches tor the cylinder with L/D = 4.

The cylinder with L/D, = 8 showed that beyond 16 inches from the
edge the stramns were relatively unitorm. These strams are indicative of those
ot ananfinitely iong cyhinder . The stram values between 16 inches and 64
mches from the edge were averaged at the two pressure levels (P/f. = 0.10
and H.200 on the eyhinder with L/Dy = 8. The averages represent a base ine
stramn value for an mbimitely long cylinder . These averages were plotted on
Fraures 17 through 24 as a companson for the experimental strains tound at
16 mchas trom the closure Inogeneral these base line values were hetween the
strams recordedt on hine A and ine B at 16 inches trom the edge or were near by
“aual 1o one ot those stramt valuss . This agreement shows that the strains
oblamned at Toanches from the closure on specimens 1 through 8 were repre-
sentative of the strams ot anantimitely long cylinder . and the agreement ver ties
that the mmtluence of the closure s limited to a distance 01 one outside diameter
trrom the edge of the closure.

The maximum radl deflection was g result ot a longitudingl moment
ireated by the bearnng load of the end closure on the cylhinder in conjunction
with the uniform cyhinder detlection. As pressure ioading was applied and
the concrete cylinder detlected radially, a moment arm was developed between
the testrained end of the cyhnder and portions tarther from the end (Figure 35).
Trie tongitudinal moment thus credted cdused an increased radial detlection
approximately 8 inches trom the edge of the closure.
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Figure 34. Comparison of exterior hoop strain behavior for cylinders of
different lengths. {After Reference 1.}

A relative measure of this maximum deflection is the ratio of the
maximum hoop strain and the strain at the midiength of the cyhnder (16
inches from the edge}. This ratio, termed strain magnitication ratio, was cal-
culated for the first eight specimens using strain values of both line A and
line B, tor the four models analyzed by the finite element method, and for
the cylinder with L/D, = 4 tested by Haynes and Ross.? The strain magni-
tication ratios are listed in Table 4. A high ratio implies that the end-closure
condition caused a larger stramn (rachal detlection) in the cylinder than that
tound on g cyhnder of infinite length: a low vaiue of the ratio means that
the end-closure condition had httle effect on the maximum strarn behavior
of the cylhinder.
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Figure 35. Schematic diagram of cylindrical hull deflection when radial
deflection is restrained at one end.
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Table 4. Strain Magnification Ratio at P/f, = 0.10 and 0.20*

Strain Magn fication Ratio at—

Specimen
and P/f. = 0.10 P/fc = 0.20
Closure Type
Line A Line B | Analysis Line A Line B | Analysis
1, free 0.24 0.12 0.1¢ 0.19 0.00 0.14
2, free 0.14 0.17 - 0.24 0.27 —
3, pinned 0.1 0.16 0.0z 0.12 0.1 0.03
4, pinned 0.14 0.07 - 0.20 0.08 -
5, beveled 0.13 0.08 0.04 0.15P | 0241 o004
6, beveled 0.27 0.00 - 0.03 0.00 -
7, fixed 0.24 0.40 0.¢2 0.21 0.25 0.03
8, fixed 0.7% 0.12 - 0.32 0.21 -
inde =

Cylinder with L/D, =4 024 B B 014 B B
ot Reference 1

maxumum strain - strain at 16 1inches

4 Stramn ratio = -
strain at 16 inches

b Rano at PAL = 0.15,

The experiments showed that ail cyhinders had a magnitication ratio
greater than 10%, which indicated thar all end closures produced a signiticant
strainincrease. Specimens 1 through 6 and the cylinder with L/Do =4 of
Reterence 1 had similar ratios, the free, pinned, beveled, and 2-inch-thick
hemispherical closures caused approximately the same strain increase. Spec-
imens 7 and 8, with the fixed end closure, had greater strain magnification
ratios. 1t1s believed that the moment induced by the fixed end closure in
conjunction with the longitudinal moment created by the end bearing of
the closure produced the arger maximum strain increase.

Strain Variation Around Cylinder Circumference. In general the
differences in circumferenual strains in a single specimen were as great as
the strain differences caused by varying the end closures between specimens.
Apparently the end closures did not prevent tlat spot development near the
cyhinder ends; all sections of the cylinders developed similar out-of-round
conditions,
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The circumferential strains at 2, 8, and 16 inches from the closure
showed the out-of-roundness and the unsymmetric response of the eight
cyhinders. The circumterential strain data in Figures 25 through 32 have
been reduced to quantitative parameters at two pressure tevels (P/f_ = 0.10
and 0.20) and are histed in Table D-1 of Appendix D. A nondimensional
"roundness ratio”” was computed as the ditference between the maximum
and mean strains divided by the mean strain. This ratio was determined at
locations 2, 8, and 16 inches away tfrom the edge of the closure and at pres-
sure levels P/f. = 0.10 and 0.20. The roundness ratios are listed in Table 5.

Table 5. Roundness Ratio a1 P/f, -~ 0.10 and 0.20"

Roundness Ratio at—
.o ) [ 2
Specimen P/t 0.1¢ P/f. 0.20
No,
2 Inches | 8 Inches 1o Inches 2 inches | 8 Inches 16 Inches
From From From From From From
Ciosure Closure Closure Closure Closure Closure
1 0.7 0.09 0.16 0.16 0.16 0.33
2 Uaa 013 0.38 0.08 0.16 0.44
012 0.27 0.07 0.04 0.20 0.18
4 0.22 0.08 0.04 0.25 0.11 0.12
‘, 0.3 0.22 0.00 0.00b 0.27% 0.15b
6 127 0.2 0.08 1.36 0.27 0.20
7 017 U.47 0.11 0.32 0.20 0.09
8 0.1 0.16 0.19 0.38 0.18 0.17

d ) maxinmum crcumferential strain - mean circumterential strain
Roundness ratio = .

mean circumterential stramn

b Raucat P/, = 015

A high roundness ratio indicated that the cylinder was deflecting
considerably more in one area than in another, that the cylinder was out-of-
round, and that a flat spot was developing. A lower ratio value showed that
the cylinder was maintaining uniform curvature and equal detlection around
the circumterence.




Y

The roundness ratios listed in Table 5 indicated that out-of-roundness
was random. In general the cylinders were not restrained trom developing a
flat spot near the closure; out-of-roundness at the midlength was not signifi-
cantly different from that near the closure.

A comparison between the nondimensional roundness ratios and
strain magnification ratios showed that out-of-roundness produced as much
strain deviation as that produced by the end-closure condition. The end clo-
sures induced higher absolute strain values near the cylinder end, but these
strain increases did not appear to alter the flat spot development.

A further discussion of minor differences in circumferential strain
is continued in Appendix D.

Comparison Between Experimental and Analytical Results

The tinite element analysis predicted behavior similar 10 that
observed, except that the calculated strains were between 0% and 130%
less than those recorded. Figure 36 compares the experimental and analyt-
ical results by showing the maximum strain occurring between the closure
and 16 inches from the closure and the strain at 16 inches from the closure
(tor the experimental resufts, the mean strain tisted in Table D-1 is shown).

Maximum Strain < 16 in. From Mean Strain 16 in. From
Edge of Closure Edge of Ciosure
4,000
B Experimental results [0 Anatytical results
3,000
<
£
2
[ =
s 2,000 »
)
1,000
0
no. i no. 3 no. 5 no. 7 no.1 no. 3 no.5 no.?7
Specimens

Figure 36. Comparison of experimental and analytical strain results at
P/f. = 0.20.

35




The analysis was closest for the cylinder with the 1-inch-wall-thickness
hemispherical closures at both ends, because no abrupt discontinuity in radial
stiffness was introduced. Where more rigid end-closure restraints were intro-
duced, the actual response of each finite element along the cylinder iength
was different from that ot its neighboring element because of the nonlinearity
of concrete and because of the influence ot triaxial loading on the concrete
properties. This difference in response was particutarly important near the
closure. The bilinear stress—strain curve used in the analysis did not accurately
account for these real differences in response between the elements.

To analyze the structures more accurately, the real concrete stress—
strain curve should be used in the computer program. Nevertheless, the linear
analysis does show the areas of stress concentration, which may aid the designer
in selecting the closure which induces the least stress conditions.

For cylinders with metal plate end closures, the maximum radial
deflection was found both analytically and experimentally at a distance about
one-halt the outside diameter from the closure edge.

FINDINGS

1. Varniations in the stiffness of cylinder end closures did not significantly
alter the short-term implosion pressures of concrete cylindrical hulls from
those pressures determined by Haynes and Ross.! ’

2. By using the concrete strength (') as the failure stress, Lame’s elastic
thick-wall theory predicted implosion pressures less than those of the models,
which had a t/D, = 0.125, by approximately 10%.

3. For specimens with a 1-inch-thick hemispherical enc closure, implosion
resulted from a high bearing stress produced at the joint between the 1-inch-
thick hemisphere and the 2-inch-thick cylinder section.

4. For specimens with a 2-inch-thick hemispherical end closure, implosion
resulted trom a concrete compression failure in the cylinder at a distance
approximately one-half the outside diameter from the hemispherical closure.

5. The pinned, beveled, and tixed end closures produced similar cylinder
behavior. Maximum radial deflection occurred at a distance from the closure
equal to about one-half the outside diameter, and a region of high shear strain
existed between the end closure and the point of maximum deflection.

6. Cylinder out-of-roundness and tlat spot development caused as much
strain vaniation 1n a specimen as that produced by the different end-closure
conditions.
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7. The influence of the end closures was limited to a distance equal to one
outside diameter from the edge of the closure.

8. A finite element analysis using a bilinear stress—strain curve for concrete
predicted the general behavior of cylindrical hutls with various end closures,
but the analysis yielded strain values less than the values observed.

SUMMARY

Variation of end-closure stiffness did not reduce the implosion
pressure of cylindrical concrete hulls below the implosion pressure of a
cylinder with a free end condition or below the implosion pressure predicted
with Lamé'’s theory. However, rigid end closures produced a severe shear
strain near the closure and a maximum radial deflection at a distance
approximately one-half the outside diameter from the closure restraint.

The influence of end-closure stiffness was limited to the region one outside
diameter from the closure.

RECOMMENDATIONS

In designing cylinder end closures and cylindrical hulls, the
following guidelines are recommended:

1. The bearing load of the end ciosure on the cylinder should be applied
at the center of cylinder wall thickness.

2. The closure stiffness should be approximately the same as that of the
cylinder to reduce the maximum strains and create a uniform strain condition
along the length of the cylinder.

3. Penetrations in the cyhindrical hull should not be placed in the high-shear
area between the closure and one-half the diameter from the closure.

4, Lamé's equation for thick-walled cylinders (Equation 1) may be used for
a conservative prediction of implosion pressure for cylinders with t/D, = 0.125.

5. Long-term operating pressures for cylindrical hulls with end-closure
restraints should be based upon the maximum strain occurring at one-halt

the diameter from the closure rather than on the uniform strain found at one
diameter or more from the closure. The operating pressure based on maximum
strain could be as much as 30% less than the pressure based on strain of an
infinite-length cylinder,
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Appendix A

CONCRETE PROPORTIONS AND PROPERTIES

The concrete material constituents were portiand type (1 high
early strength cement, San Gabrie! River Wash aggregate, and fresh water,
proportioned as follows: aggregate-to-cement ratio was 3.30 by weight and
water-to-cement ratio was 0.55 by weight.

The aggregate was supplied to NCEL kiln dried and bagged. The
aggregate was proportioned as shown in Table A-1. All material passed the
no. 4 size sieve; therefore, ihe mix was technically a mortar or microconcrete.

Table A-1. Aggregate Proportions

Sieve Size
Designation Percent
Retained

Passing Retained
no. 4 no. 8 296
no. 8 no. 16 208
no. 16 no. 30 147
no. 30 no. B0 10.3
no. 50 no. 100 7.3
no, 100 parn 17.3

The concrete compressive strength, modulus of elasticity, and
Poisson’s ratio are presented in Table A-2, The results were obtained from
3 x 6-inch control cylinders tested under uniaxial compression the same day
the cylindrical structure was tested. The concrete used in the hotlow cylinder
sections had an average compressive strength of approximately 8,830 psi and
average secant modulus of elasticity ot 3.37 x 108 psi.
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Strain

Figure A-1. Construction of bilinear
stress—strain curve.

A bilinear stress—strain
relation was determined for the
concrete of each specimen. An
elastic moduius (E_) and a plastic
modulus (E ) were determined so
that the area under the bilinear
stress—strain curve was equal to
the area beneath the actual curve.
As shown in Figure A-1, E_ was
tound by (1) finding the strain (ey)
at one-half the concrete strength
{1/2 f.) and drawing a verttcal line
at e, (e =€), (2) drawing a straight
line (OA) so that the area bounded
by OAand line € = €, was equal to
the area bounded by the real stress—
strain curve and line € = €, . The
slope of line OA was the E,. The
plastic modulus was found by (1)

drawing a vertical Iine through the ultimate strain (e = €}, (2) drawing line
AB so that the area bounded by € = €, and line € = €, was equal to the area
bounded by the actual stress—strain curve and line € = €,. The slope of line

AB was Ep,
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Appendix B

DRAWINGS OF CYLINDER END CLOSURES
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Appendix C

DISCUSSION OF STRAIN BEHAVIOR
ALONG CYLINDER LENGTH

FREE END CLOSURE (SPECIMENS 1 AND 2)

Figures 17 and 18 show that the 1-inch hemispherica!l end closure
aftected the behavior of the cylinder. Though the hemisphere provided iree
end restraint, it induced edge bearing stresses in the cylinder, causing increased
strain at a distance of 4 inches trom the cylinder edge. Figure 17 shows that
at the lower loads the corresponding strains on lines A and B of specimen 1
were the same but at higher loads line B had much higher strains. 11 1s likely
that such strain increases were due 1o nonsymmetry of the cylinder.

Figure 18 shows that the opposite sides of specimen 2 had similar
behavior. It appears that the influence of the closure was within a distance
ot one-half the diameter from the end and that the strains at greater distances
were nearly uniform,

The behavior of specimens 1 and 2 indicated that the hemisphere
restrained the radial movement of the cylinder at the edge while producing
an increased deflection between 2 and 4 inches from the closure. The bearing
ot the hemisphere on the outer edge of the cylinder produced a shear and
moment which increased the radial detiection.

In tuture design of hemispherical ends, a lower shear distortion and
moment would result from centering the bearing surtace ot the hemisphere
on the cyhnder wall

PINNED END CLOSURE (SPECIMENS 3 AND 4)

Figures 19 and 20 show that the pinned end closures provided
signiicant restraint to radial deflection at the cylinder edge. f the cyhinders
had Loon Tully restramned at the interior, the exterior noop strains woutd have
been approximately 200 uin /in. at P/f, = 0.20 because ot the radial com-
pressibility ot the concrete and tne detlection of the steel plate. The actua!
strains at P/f. = 0.20 were between 500 and 900 win./in. These higher strains
indicated that the pinned end closure ot the model cannot be considered an
ideal pinned end but rather one that approximates the pin-type restrant,
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At low loads the effect of the closure was himited to a short distance
from the end. As the pressure was increased the effect became more pro-
nounced at greater distances. The distance from the edge at which the
maximum strain occurred increased as the pressure loading increased. The
maximum strains of lines A and B were between 5 and 10 inches from the
edge.

The strain gradient between the closure end and the point of
maximum strain was nearly the same for both specimens. The gradient
indicates a high-shear area between the end and the point of maximum
deflection.

BEVELED END CLOSURE (SPECIMENS 5 AND 6)

Figures 21 and 22 show that the beveled end closure provided
nearly complete restraint to the radial defiection of the cylindrical hulls.
At P/f. = 0.20, the exterior strains on specimens 5 and 6 at the closure were
between 150 and 250 uin./in. Since a 200-uin./in. exteior strain implies zero
interior strain, the beveled end closure permitted almost no radial defiection
at the cylinder edge. This restraint shows that the ciosure fit snugly onto the
ends, that the cylinders were symmetric at the beveied end, that the epoxy
bond between the closure and the cylinder was good, and that little relative
movement between the closure and cylinder occurred during test.

The closure affected the cylinder behaviar within 16 inches from the
edge. The highest strain value was recorded at a distance of one-half the
diameter from the edge.

FIXED END CLOSURE (SPECIMENS 7 AND 8)

Figure 23 shows that specimen 7 was significantly restrained at the
closure edge. On both hines A and B the strain gradient at the edge indicated
d near-zero stran at the joint between the closure and the cylinder. The strain
gradient near the edge was steep, with hine B showing higher strain values than
those of ine A, As tllustrated in Figure 31, line B had strains considerably
greater than the average strain around the circumference of the cylinder.

Figure 24 shows that the response of specimen 8 was similar to that
of specimen 7, except that kines A and B had ditterent behavior. The strains
on fine B tend toward zero strain at the cylinder edge, while the strains on
hine A do not. This means that at hne A the cyhinder was not fixed to the
end closure at the joint, but the cyhnder may be considered fixed at some
pomint within the closuse.
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On both cylinders the maximum strain occurred between 5 and 10
inches from the cylinder edge and 1ts magnitude was over 4,000 uin./in.
Between 2 and 5 inches from the edge there was a strain decrease or a
strain plateau. Such behavior was observed only with the fixed end clo-
sures and was apparently a result of a moment acting at the closure edge.
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Appendix D

DISCUSSION OF CIRCUMFERENTIAL STRAIN

The very large strain difference on specimens 7 and 8 at a distance
of 2 inches from the edge indicated that the specimens were out-of-round
near the cylinder end and that the fixed end closure did not prevent the
unsymmetric deflection of the cylinder near the closure. The fixed closure
apparently restrained radial movement at some points and provided no
restraint at others. For specimen 7, Figure 31 shows that at 0° (line A)
more restraint was provided than at 1800 (line B). This behavior corre-
sponded to the difference in the strain along lines A and B given in Figure
23. Similarly the opposite behavior is shown in Figure 32 for specimen 8.
On one side of each cylinder the closure acted to provide a fixity, while on
the opposite side littie restraint was provided. Theretore, the fixed end clo-
sure did not prowvide the total fixity desired,

On specimen 6 the strain difference at 2 inches from the edge was
larger than at farther distances. The difference apparently was due to a
localized strain increase rather than a general nonsymmetry. Such a sudden
development ot a high peak strain would not have resulted tfrom 3 general
out-of-round condition; this peak might have been caused by the devetopment
of a crack at that point.

Table D-1 summarizes the ciwrcumferential strain data by histing the
strain ditference and mean strain at focations 2, 8, and 16 inches from the
erdge of the closure and at pressure levels P/f, = 0.10 and 0.20. In general,
the data of Table D-1 show the following:

1. The mean strains indicate that the metal plate end closures
restrained the radial deflection near the closure.

2. The simufarity in mean strains at 16 inches imphes that the effect
of the end closur.-s was neghgible at a distance ot one diameter.
trom the cylinder edge.

3. Strain ditterences, therefore out-of -round ditterences, increased
with increasing load.

47




Tabie D-1. Maximum Minus Minimum Circumferential Strain and Mean
Circumferential Strain at P/f; = 0.10 and 0.20

Maximum—Minimum
Strain {(uin./in.)

Mean Strain (@in./in))

Specimen
No. 2 Inches | 8lnches | 16 Inches | 2 inches | 8 inches 16 Inches
From From From From From From
Closure Closure Closure Closure Closure Closure
AP/ =010
1 110 180 230 840 730 740
2 230 180 500 1,040 990 1,010
3 280 790 230 700 970 970
4 260 210 90 680 1,000 90N
5 430 350 230 360 990 1,000
6 530 400 110 300 630 670
7 340 810 240 110 860 a10
8 420 330 390 660 990 840
AtP/f. =020

1 590 610 860 2,180 2,080 1,940
2 A4 700 1,630 2.880 2.800 2,710
300 1.060 980 2.760 3.050 2930

4 300 690 580 1 .630 2.870 2,560
5 1007 8107 520¢ 651 1,800¢ 1.760°
6 1.830 1530 1.070 1.040 1,900 2.340
7 1,240 960 410 1990 2710 2410
8 1,340 1.110 1.070 1.840 3,040 2,540

4 Srram at PIAL - 015,
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INFLUENCE OF STIFF EQUATORIAL RINGS ON CONCRETE
SPHERICAL HULLS SUBJECTED TO HYDROSTATIC LOADING

Technical Report R-735
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ABSTRACT

Thirteen hollow concrete spheres of 16-inch outside diameter x 14-inch
insiae diameter and one sphere of 66-inch outside diameter x 57.75-inch inside
diameter were assembled from hemispheres fastened together with equatorial
joint rings of different stiffnesses. The joint rings were made from polycarbon-
ate plastic, glass reinforced plastic laminate, aluminum, titanium, low carbon
steet, and alloy steel. After instrumentation with electrical resistance strain
gages, the spheres were tested to destruction under external hydrostatic loading.
Equatorial joints that are either considerably stiffer or more compliant than
concrete lower the short-term implosion pressure of the concrete spheres by
as much as 27%; the glass reinforced plastic joint ring did not significantly
reduce the implosion pressure. It is recommended that equatorial joint rings
be designed to have a stiffness approximately equal to that of the concrete
shell and be made of glass reinforced plastic. |f stiffer joint rings are used, the
operational pressure should be 30% lower than that of a sphere without a mechan-
ical lock joint mechanism,
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INTRODUCTION
Statement of Problem

Undersea spherical capsules made of concrete to contain instruments
or some other payload require that the interior be readily accessible for loading
and unloading. Access to the interior may be through a hatch located in a pene-
tration through the hull or by separation of the sphere at the equator. The latter
is, in many cases, preferable, because it permits access to the whole interior of
the capsule for rapid placement or removal of payload.

Exploratory research'3 on the incorporation of hatches into concrete
spherical capsules has been conducted, and sufficient data are on hand to per-
mit preliminary design of hatch penetrations in concrete spheres. However,
no information is available on spheres with a mechanical joint at the equator.
Because it is not known what effects a mechanical joint has on the magnitude
and distribution of strains or on the strength of concrete spheres, the design
of equatorial joints for concrete spheres is a matter of engineering judgment.
Therefore, experimental data are needed on the relationship between joint
stiffness and implosion pressure for spheres under hydrostatic loading.

Objective of Study

The objective of this study was to explore experimentally the
relaticnship between the stiffness of equatorial joint rings and (1) the
implosion pressure of the sphere assembly, (2) the distribution of strains,
and (3) the magnitude of strains in the sphere.

The experimental data generated in this exploratory study serve
two purposes. They permit a rational design of spherical concrete capsules
with equatorial joints and serve as basis for future analytical studies attempting
to correlate the stiffness mismatch between the concrete huli and equatorial
joint ring with the magnitude of strains and implosion pressure of the spherical
hulls.




Background Information

Four previous studies™® have shown that concrete is an effective
material for the construction of undersea pressure resistant structures.
Experiments3+4 using concrete spheres with 16-inch OD (outside diameter)
and different wall thicknesses have shown that the implosion pressure, P,
is predictable if the ratio of thickness to outside diameter, t/Do, and the
concrete strength, f_, are known.

The objective of the first exploratory study! of concrete spherical
hulls was to establish the basic performance parameters ot unreinforced con-
crete spherical hulls. Mode! concrete spheres with 16-inch OD and 14-inch
1D {inside diameter) were cast using the same mix design and were subjected
to similar curing conditions. When they were tested 10 destruction, the average
ratio of implosion pressure to concrete strength (P, /f.) was found to be 0.293
with a standard deviation of only 0.008.

The second exploratory investigation? concentrated on the relationship
between stiffness of a penetration insert and the implosion pressure of the
concrete spherical hull. Figure 1 shows a typical specimen studied in this
invastigation. The preliminary design guide that resulted from the study
indicates that for round penetrations with a spherical angle less than or equai
1o 32 degrees, the penetration insert should be of equal or greater stiffness
than that of the replaced concrete in order not to decrease the implosion
nressure of the spherical hull. A mode! of an ocean bottom habitat was
built and tested to destruction to prove the applicability and validity of
this Tinding. 7 he results from that test verified thic ! 2cic design guide.

*

Scope of Investigation

The primary study was an experimental investigation of spherical
concret: hulls with equatorial joint rings made of various materials, Eleven
concrete spheres were tested 1o 1implosion under short-term hydrostatic loading.
Thi: 16-inch-OD x 14-inch-1D spheres were equipped with rings of different
naecdities at the joint between the two hemispheres.

The experimental data recorded during these tests consisted of strains
measured on the interior and exterior surfaces of the concrete hull, strains
measured on the equat oriat ring, the pressure at which the sphere imploded,
and the fracture pattern after tailure.

A secondary phase of the investigation was to design an operational
equatonal joint for two 16-inch-OD x 14-inch-1D spheres and for a 66-inch-OD
x 57-3/4-inch-1D sphere. These three specimens were also instrumented and
pressurized to implosion. This second phase is described in Appendix A,

* A foldout st of symbols appears atter References.
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Insert materials nvestigated

Plastic (PVC) — E = 0.35x 105 psi

9yp = 4,000 psi
Aluminum —E =10x100 psi

9yp = 60 x 106 psi
Steel —E =30x108psi

oyp = 90,000 psi

bonded with
epoxy adhesive

Figure 1. Concrete spherical specimen with penetration inserts
previously investigated.

DESIGN OF EXPERIMENT

Joint ring ngidity was varied over as wide a range as possible to
estabhish an empiricai relaticnship between the rigidity of the ring and the
behavior of the sphere under hydrostatic loading. The rings selected for this
phase of the invectigation maerely simulated operational lock joints, operational
ones would entail only additional expense without benefiting the test program.

The radial stiffness nf the rings was varied by a factor of more than
100 by selecting materials with different elastic moduli and by changing the
cross section of the ring. The various test assemblies are listed in Table 1.

FABRICATION OF SPECIMENS

The test specimens were formed from two 16-inch-OD x 14-inch-1D
concrete hemispheres and a 17.40-inch-OD x 13.48-inch-1D x 0.50-inch-thick
solid ring (Figure 2). The concrete hemispheres were formed so that when
the hemispheres and ring were assembled the spectmen would be a true sphere
within tolerances of £1/32 inch in the radial direction.
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typ. typ. Type B typ.

Type A
.007
, 0.00 10.200
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Figure 2. Dimensions of simulated equatorial lock joint assembly.

Hemispheres

The concrete constituents were portland type I cement, Sar Gabriel
River Wash aqggregate, and freshwater  The water-to-cement ratio was 0.55 by
veaght, and the aggregate-to-cement ratio was 3.30 by weight. Table 2 presents
the nvoporuons of the aggregate.

The concrete hemispheres were cast in a rigid male and female aluminum
maold (Fraure 3) The molds were prepared for casting by initially spraying the
aluminum with clear enamel paint and then applying a coat of silica grease. An
external torm vibrator was attached to the underside of the mold and was in
operation througnout the casting process. The concrete was mixed 1in a pan-
tepe mixer for a total of 3 minutes and slowly placed into the mold, usually
within the next 4 minutes  The concrete was then screeded to 1/4 inch below
the. top edage of the form




Table . voportions of Aggregate

‘ Sieve Size Designaticn Percent
\ Passing Retained Retained

No. 4 No. 8 29.6
No. 8 No. 16 20.8
No. 16 No. 30 14.7
No. 30 No. B0 10.3
No. 50 No. 100 7.3

] No. 100 pan 17.3

Figure 3. Mold used in casting concrete spheres of 16-inch externa! and
14-inch internal diameter.




The hemisphere was removed from the mold on the day after casting.
The interior surface was usually pitted with some small air pockets; these were
fully exposed by rubbing with steel wool. The voids were filled with a cement
paste of type 111 portland cement and pan-size aggregate in a ratio of 1:1 with
only sufficient water 1o make a workable mix. The hemisphere was cured for
27 days in an environment of 100% relative humidity and 73°F. Thereafter
the concrete was cured under room conditions (30 to 70% relative humidity
and 45°F to 80CF) for approximately 100 days.

Six 3 x 6-inch control cylinders were cast with each hemisphere.
These cylinders were used to determine the uniaxial compressive strength of
the concrete. One of the six was instrumented with a 90-degree strain rosette
of two BLH (Baldwin-Lima-Hamilton} A-5-S6 electrical resistance gages to
obtain measurements of the modulus of elasticity and Poisson’s ratio of the
concrete. The compressive strength of concrete for all the spheres varied
from 9,810 to 11,740 psi. The average secant modulus of elasticity for the
concrete was determined to be 3.57 x 108 psi, and the average Poisson’s ratio
was 0.16; individual cylinder data are described in Appendix B.

Joint Rings

Various materials were used to make the rings: polycarbonate plastic,
glass fiber reinforced plastic (GRP, fiberglass), aluminum, titanium, and low
carbon and 4130 alloy steel. All rings were machined from flat, solid plates
originally 19 inches in diameter and 3/4 to 1-1/2 inches thick, depending on
the ring cross section (Figure 2). Machine tolerances were within +0.005 inch.

For each ring, four material control specimens were machined from
the same plate used for machining the ring. The control specimens were
cylinders 1/2 inch in diameter and 2 inches in length.

To measure the moduius of elasticity, all material cylinders were
instrumented with two BLH FAE-25-12S6 electrical resistance strain gages
on opposite sides of the specimen. To measure Poisson’s ratio, a BLH FAE-
125-35513 electrical resistance strain gage was oriented in the hoop direction
at midlength of all cylinders. The compressive vield stress of the joint ring
material varied from 8,320 to 140,800 psi, the modulus of elasticity from
0.39 x 108 t0 30.0 x 105, and the Poisson’s ratio from 0.23 to 0.40, depen-
ding on the joint ring material {Appendix B).

Spheres
The spheres were fabricated by bonding a ring between two hemispheres;

an epoxy bonding agent, Furane Plastics Epocast 8288, was used. The annular
mating surface of each hemisphere section was ground smooth and level by
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rotating the hemisphere on a sheet of plate glass covered with water and silica
carbide grit no. 60. The cor.crete mating surface was then cleaned and etched
with a 10% hydrochloric acid solution to ensure good bond between the epoxy
and the concrete. All rings were cleaned with acetone to ensure a good bond
with the epoxy adhesive., The titanium ring for sphere 10 was etched with a
solution of one part hydrachloric acid, one part nitric acid, and two parts
glycerin. The aluminum joints for spheres 4 and 11 were etched with a 10%
phosphoric acid, 1% hydrofiuoric acid solution. The other rings were not
etched.

The adhesive was spread smooth in the groove of the ring, and one
hemisphere was inverted and placed into the groove (Figure 4). The hemisphere
was rotated to ensure bonding between it and the ring. After the adhesive had
cured 1 day, the second hemisphere was bonded to the ring/hemisphere assembty
(Figure 5).

Subseguently, a steel feedthrough was epoxy-bonded at the apex of the
top hemisphere for attaching the sphere to the pressure vessel end closure and
for passing the instrumentation wires from the interior of the sphere. Ancther
feedthrough, in the bottom hemisphere, allowed strain gage lead wires attached
to yages on the sphere exterior to be led into the interior. The bottom pene-
tration was also bonded to the concrete with epoxy and was carefully potted
with epoxy to ensure that no water leaked into the specimen along the wire
msulation.

The completed sphere was painted with a thin coat of clear epoxy to
prevent water permeation into the concrete.

INSTRUMENTATIUN

All specimeans, except spheres 4, 10, and 11, were instrumented with
electrical resistance strain gage: applied to one of the concrete hemispheres and
the joint ring. Three 3-gage, 45-degree rosettes and two 2-gage, 90-degree rosettes
were used on both the interior and exterior surfaces of the hemisphere (Figures
6 and 7). The rosettes were fabricated from single BLH A-5-S6 resistance gages.
The median of the joint ring was designated as the “‘equator.”” Five latitudes
were chosen for strain gage locations: 7.5, 22.5, 37.5, 565.0, and 72.5 degrees
trom the equator.

Longitudinal {meridional) and latitudinal (hoop) gages were positioned
&t each fatitude. At three levels of latitude, 7.5, 37.5, and 72.5 degrees, the
angle between the meridian and latitude was bisected, forming a 45-degree
line. A gage was positioned on each of these 45-degree lines. The interior
and exterior gages were placed radially opposite each other.




Bevy Uegan Ladborainry

Figure 5. Typical assembled sphere with simulated lock joint ring prior
to insertion of penetrators.
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Figure 6. Location of strain gages on sphere’s interior.

An interior and an exterior gage were placed on the ring at and
paraliel to the equator. Dentronic 204N-C6 electrical resistance strain gages
were used on the rings.

After lead wires were sofdered to each gage, the gages were covered
with a microcrystalline wax waterproofing compound. The lead wires from
the interior gages were led from the interior through the upper feedthrough.
The exterior lead wires were run down along the sphere surface, through the
bottom feedthrough, then up and out of the sphere through the upper feed-
through (Figure 8).

TEST PROCEDURE

The concrete spheres were tested under hydrostatic pressure in an
18-inch-1D pressure vessel. The upper feedthrough was securely fastened to
the pressure vessel end closure (Figure 8}, and the end closure was seated and
locked in place. The lead wires were connected to the strain balancing and
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recording unit (Budd System Datran Digital Strain Indicator and Printer
Control Unit}. A Bourdon-type pressure indicator, accurate to 5 psi, was
connected to the vessel, and the vessel was filled with water.

The specimen was pressurized at a loading rate of 100 psi/min until

implosion occurred. Strain readings were taken every 100 psi. After implosion
the concrete fragments and the ring were removed from the pressure vessel and
inspected to determine where the fracture initiated and the quality of the bond

between the concrete hemispheres and the ring.
Concurrently with the sphere test, the associated concrete cylinders

were tested to destruction under uniaxial compression.

. Nl wire feedthrough
penetrator and ¥
" . i 2 B end-closure

e \ o y » I 2:tachment

. ! N ]
o latitudinal gages
« \

' ‘ A 375°

‘ -l 22,00

7.5¢
Ve B

)

-
T wire feedthrough penetrator

Figure 7. Location of strain gages on sphere’s exterior.

"

o 11 ¢




AN

Figure 8. Sphere assembly attached to pressure vessel end closure being
lowered into 18-inch-diameter vessel.
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TEST OBSERVATICNS
Implosion Failure

All specimens failed by a violent, sudden implosion, which shattered
the concrete into many fragments. Table 3 lists the implosion pressure, P,
and the ratio of implosion pressure to concrete strength, P, /f., for each
specimen. Also listed are the ring material strengths and the relative stiffnesses
of the ring and sphere. For all specimens, the concrete strength listed in Table
3 is the lower strength of the two hemispheres. The ratio P, /f_ is used to
account for any variation in concrete strength between specimens. As noted
before, a previous stud\/4 has shown a linear relation between implosion pres-
sure and concrete strength; therefore, specimens of different strengths can be
compared by using the parameter P, /f;.

Inspection of the broken fragments of the concrete sphere and the
joint ring showed the following:

1. The polycarbonate plastic ring of sphere 1 was the only ring
fractured during the test (Figure 9).

2. For all spheres except spheres 3 and 5, the remnants of concrete
were securely bonded to the ring as shown in Figures 10 and 11. On the
aluminum ring of sphere 3 and the titanium ring of sphere 5, the concrete
was completely stripped from the ring; yet the epoxy remained bonded to
the fragments of the concrete. On spheres 4, 10, and 11, also made of tita-
nium and aluminum, the bond was satisfactory.

3. On all spheres except spheres 3 and 5, a distinct cone-type concrete
compression failure could be observed near the joint. Although some portions
of the sphere remained attached to a section of each ring, the shear piane indi-
cated that the concrete failure was initiated near the equatorial joint. The
cone-type failure was a reasonable indication that the concrete failed because
the compressive stresses exceeded the compressive strength of the concrete.

Strain Results

The general behavior of the concrete spheres under hydrostatic loading
was observed by recording surface strains at various pressure levels and reducing
them to principal strains along longitudinal and latitudinal directions.

All specimens imploded with a maximum recorded concrete strain
greater than 3,500 uin./in. Except for spheres 1 and 2, the maximum strain
was in the longitudinal direction at latitude 7.5 degrees; yet those maximum
strains had a wide variation between 3,700 uin./in. and 9,000+ pin./in.

13
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Figure 9. Fractured polycarbonate plastic joint ring after implosion testing
of sphere assembly.
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Figure 10. Steel ring with remnants of concrete securely attached. (View
of sphere’s interior.}
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Figure 11. Steel ring with remnants of concrete securely attached. (View
of sphere’s exterior.)

Figures 12, 13, and 14 present the results of the longitudinal and
latitudinal strain for the interior and exterior of spheres 1, 2, and 6, respec-
tively. These results are typical of the strain patterns produced by an equatorial
joint ring less stiff, slightly stiffer, and much stiffer than the concrete replaced
by the ring. Appendix C presents the strain results for all spheres except spheres
4,10, and 11, which were not instrumented. The abscissa of these graphs is
the fatitude in degrees (spherical angle} at which the strain was measured.

The median of the joint ring was the equator {zero degrees). The ordinate

is the strain in gin./in. The strain values have been plotted for several pressure
loading levels expressed as a nondimensional ratio of applied pressure to con-
crete strength, P/f.

As a reference, the average strain magnitude for a sphere without a
joint has also been plotted. These strain values were obtained in previous
studies. 3
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DISCUSSION OF RESULTS

implosion Behavior

An etfective means of relating the behavior of the different joint
rings in the concrete spheres was to calculate a relative stiffness for the rings.
This relative stiffness is expressed as

where R = relative stitfness
E, = modulus of elasticity of ring material
A, = cross-sectional area of joint ring
E. = secant modulus of elasticity of concrete
A. = area of concrete removed and replaced by joint ring

Figure 15 is a graphical presentation of the P, /f_ relationship versus
the relative stiffness of the 11 rings plus two operational specimens discussed
in Appendix A. Where the relative stiffness equals unity, the plotted values
of P, /f. are for spheres which were tested in previous studies® and which
did not include a joint ring at the equa.or.

Figure 15 itlustrates the following:

1. A ring with a stiffness one-fifth that of the concrete caused
implosion failure at a pressure 27% less than a sphere with no
ring.

2. Aring with a stiffness greater than 15 times that of the concrete
caused implosion about 18% lower.

3. Aring stiffness 1.2 times that of the concrete caused only a 5%
reduction in implosion pressure. The latter difference is within
the experimental variation for spheres without mechanical joints.

At a relative stiffness greater than 15, the P, /f_ ratio varied little.
The variation of P,, /f. among specimens 6, 7, 8, and 9 (all with a steel joint)
indicates that changes in the ring stiffness do not further influence the failure
pressure of the concrete sphere. In effect a ring with a relative stiffness greater
than 15 may be regarded as an “infinitely’’ stitf or "'perfectly’’ rigid joint,
because any increase in joint stiffness does not affect the structural behavior
of the sphere.
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Figure 15. Effect of ring’s relative stiffness on short-term strength of
sphere under external hydrostatic loading.

At a relative stiffness less than unity, the P, /f_ appears to decrease
rapidiy. This agrees with results of Reference 2, where hull penetrations with
a stiffness less than that of concrete caused a significant decrease tn imptosion
pressure, while the stiffer penetrations did not.

This study has not clearly defined the refation between P, /f, and
relative stiffness in the 1 through 15 range. Structurally there is no apparent
reason why a sphere with a ring of intermediate stiffness should fail at a pres-
sure lower than spheres with an infinitely stiff ring. Therefore, the curve of
Figure 15 has not been drawn through the points for specimens 3, 5, and 10,

Failure of both specimens with a titanium ring (specimens 5 and 10)
at nearly the same P, /f_ ratio shows that both were fabricated in the same
manner, but it does not necessarily mean that any sphere with that relative
stiffness would fail at the lower pressure. Specimen 11, with an aluminum
joint only slightly stiffer thar the titanium ring, failed at nearly the same
pressure as a sphere without a joint ring.

The lower implosion pressures of specimens 5 and 10 were probably
due to poor fabrication of the jointed specimens. After sphere 5 failed and
the poor bond between the ring and concrete was observed, it was believed
that the poor bond caused the lower implosion pressure. Sphere 10 was then
fabricated with measures taken t¢ ensure that the titanium ring was carefully
acid-etched to improve the bond. The test on sphere 10 showed that the bond
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was adequate, yet the specimen failed at the same low pressure as sphere 5.

i1 was then hypott.esized that the ring was inducing an added stress raiser not
present with the other rings. Because of the very close tolerance between the
ring and the hemispheres, one section of @ hemisphere of specimens 5 and 10
may have rested on the inner lip of the ring rather than on the bottom of the
groove. This fabrication error was encountered in a later specimen, but the
situation was corrected before the epoxy set up. Such incorrect seating would
not have been detected by the limited strain gage layout. 1t appears from the
test results that poor seating of the hemisphere did not occur in any other
spheres whose ring had the same groove dimension as the titanium ring.

To check the hypothesis, the aluminum ring for specimen 11 was
designed with a larger groove {the inner radius of the groove was reduced)
and with a stiffness approximately that of the titanium ring. The larger
arnove ensured that the hemispheres of specimen 11 would seat properly.

Thee epoxe, which filled the spare between the hemispheres and the inner lip
of the ring did restrain the radial movement of the hemisphere at the joint,
but the restraint was not as much as if the hemisphere had been resting
directly agamnst the inner lip,

Pressuri: testing of sphere 11 showed that it implod ., e @ Jressore
significantly areater than that of spheres b and 10 Trieretore, it was concluded
that the fower imploston pressures of spher.. o and 10 were due to poor fabri-
cation of the spezimens and were not te general structural response of spheres
vath aring of 4 particular relative stiffness.

It is believed that drying shrinkage of the concrete hemispheres caused
the dimensional change which resulted in the poor seating in spheres b and 10,
Such shrinkaae: would also have been present in all other hemispheres. The
magnitude of change was sufficiently large in spheres 5 and 10 to cause a
difference in results.

The spread of P, /f. values in Figure 156 was principally a result of
variation of the ring stiffness; yet the quality of fabrication of the specimen
(that is, how the hemispheres fit into the joint grooves}) was an important
factor in the implosion resuits.

The quality of attachment of the ring was difficult to control in the
axperimental study. Attaching operational mechanical joints to hemispheres
would atso be difficult in practice. Therefore, the lower implosion pressures
should be used when considering the operational characteristics of a sphere
with a metal joint ring. This would ensure a conservative, safe design.

Strain Behavior

Longitudinal Strain. For all spheres the equatcrial joint ring induced
a longitudinal strain on the interior surface adjacent to the joint greater than
the strain on a uniform unjointed sphere at the same P/f_ level.
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The longitudinal strain behavior for the different spheres is characterized
as follows:

1. Where the ring stiffness was less than the concrete stiffness, interior
and exterior strains were nearly uniform but were greater than the strain of a
uniform sphere.

2. Where the ring stiffness was slightly greater than the concrete
stiffness, the interior and cxterior strains were nearly uniform and were only
slightly greater than the strain of a uniform sphe-e.

3. Where the ring stiffness was significantly greater than the concrete
stiffness. the interior and exterior strains were very nonuniform, The difference
in strain gradient between latitudes on the interior and exterior indicated high
shearing strain, and the strain di.ferences indicated increased curvature near
the joint and the apex and decreased curvature in the midlatitudes. The
maximum strain adjacent to the joint was much greater than the strain of
a uniform sphere,

Latitudinal Strain. The latitudinal strain behavior of the spheres is
characterized as follows:

1. Where the ring stiffness was less than the concrete stiffness, the
interior and exterior strains were greater than those of a uniform sphere. The
wide stramn difference between surfaces shows that the ring significantly altered
the normal behavior.

2. Where the ring stiffness was slightly greater than the concrete
stiffness, the strains were nearly the same as those of a uniform sphere.

3. Where the ring stiffness was significantly greater than the concrete
stiffness, the interior and exterior strains were the same or lower than the
strain of a uniform sphere. The very low strain near the joint with increasing
strain at greater latitudes indicates that the ring restrained the sphere deflection.

Bending Moment Response

The general behavior of the spheres can be more easily visualized in
terms of the longitudinal bending moment induced In the jointed sphere. The
interior and exterior longitudinal and latitudinal stresses were calculated at
P/f. = 0.20. Graphs of stress versus latitude and the manner in which the
stresses were computed are presented in Appendix D.

To calculate the longitudinal moment, it was first assumed that the
stress distribution across the wall thickness was linear. In a simple analogy
to concrete beam theory, this assumption would imply that the total com-

pressive load, C, is carried in a trapezoidal stress block, higher stress at the
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interior surface. In a sphere with no bending, the centroid of this stress biock
is located on the neutral plane; a force acting in this plane creates no bending.
In this case, where there are bending stresses in the sphere, the loading is
resolved into a concentrated load at the neutral plane and a couple. The
following method was used for the moment calculation:

1. From jointless spheres tested in a previous study, the basic stress
block was determined and the neutral plane was established at a distance of
0.493 inch from the interior surface of the sphere, or at a radius of 7.493
inches.

2. The previously calculated interior and exterior stresses were used
to determine the stress block at each latitude for the eight specimens.

3. The basic stress block was then subtracted from the stress blocks
of step 2 (above) at the many locations, resulting in a typical bending stress
diagram for each latitude.

4. The areas of the bending stress diagrams were used to calculate
the added load at the particular latitude, the eccentricity of that load, and
the couple acting at that latitude.

These calculated moments are listed in Table 4 and are plotted against
the degrees of latitude for each specimen in Figure 16. Positive moments are
those which tend to increase the sphere curvature; negative moments are those
which tend to decrease it.

It can be seen from Figure 16 that spheres with rings stiffer than concrete
demonstrate a similar moment pattern: a high positive moment near the equator,
a negative moment in the latitude range of 20 to 60 degrees, and a decrease 10
approximately zero or change to a somewhat positive moment near the apex.
This moment pattern definitely indicates that the restraint imposed by the
ring induces a significant bending behavior in the spheres. The magnitude of
positive bending moment is particularly large in spheres with joint rings whose
relative stiffness is more than twice that of the concrete replaced by the ring.
This can be noted by comparing the magnitude of bending moment for sphere
2 with the GRP ring (1.19 times stiffer than concrete) and the bending moments
of spheres with metallic rings (spheres 3, 5, 6, 7, 8, and 9).

The moment pattern of the sphere with the polycarbonate plastic ring
(sphere 1} is the opposite of those of the other spheres: a negative moment
near the joint, a positive moment in the latitude range of 10 to 60 degrees,
and a negative moment near the apex. The reversal of moment pattern
established for rings stiffer than concrete could be expected here because
the polycarbonate plastic ring is less stiff than the concrete.,
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Table 4. Calculated Longitudinal Moments

Longitudinal Moment? {in.-Ib/in.} for—
Latitude
(deg) Sphere | Sphere | Sphere | Sphere | Sphere | Sphere | Sphere | Sphere
1 2 3 5 6 7 8 9
7.5 -67 +172 +637 +384 +617 +715 +537 +624
225 +139 +81 +50 -364 -189 -371 -468 -22
375 +68 -5 -129 ~-132 -232 - 164 -257 -130
55.0 +120 -18 - -350 -118 +10 -162 +51
72.5 +8 +47 +196 -16 +4 +307 +97 +63

¢ Positive moment decreases radius of curvature; negative moment increases
radius of curvature.

These moment patterns indicate the presence of shear loading on the
hull. Where there is a rapid change in moment, there is a high shear condition.
Thus, one may conclude that the rings produce a high shear near the equator
and that the magnitude of shear stress is direcily related to the mismatch
between the stiffness of the ring and that of the concrete shell.

As noted before, all shell failures were initiated at or near the joint,

On the spheres with the stiffer rings, the high positive moment near the joint
plus the average compressive stress in the wall produced a high longitudinal
interior strain which resuited in concrete failure. On sphere 1 with the ring

less stiff than the concrete, the negative moment near the joint pius the average
compressive stress in the wall produced a high longitudinal exterior strain which
resulted in concrete failure.

FINDINGS

1. The implosion strength of hollow concrete spheres with equatorial joint
rings varies with the magnitude of the relative stiffness of ring. Spheres with
rings that are either stiffer or more compliant than concrete fail at pressures
as much as 27% lower than do spheres without equatorial joint rings.

2. Anequatorial joint ring in hollow concrete spheres introduces a strain
raiser if the relative stiffness of the ring is significantly higher or lower than
the stiffness of the concrete that the ring replaces. For joint rings stiffer
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than concrete, maximum strains are typically found on the interior surface
adjacent to the joint ring, while the minimum strains are typically found on
the exterior surface also adjacent to the ring.

3. Anequatorial ring with its stiffness different from the concrete stiffness
produces bending moments in the concrete shell whose magnitudes are directly
refated to the mismatch in stiffness between the ring and the concrete shell.

CONCLUSION

Equatorial joint rings can be incorporated into hollow concrete spheres
without significant reduction in strength, providing that the stiffness mismatch
between the ring and the concrete it replaces is small. Glass fiber reintorced
plastics appear to satisfy this requirement satisfactorily.

RECOMMENDATIONS

As a preliminary design guidehine for mechanical joints in spheres,
the authors recommend the following:

1. It possible, the designer should use a glass reinforced plastic material to
make the mechanical joint ring and shouid dimension the joint to have a
relative stiffness near one. The operationa! pressure should be 15% lower
than that of uniform unjointed spheres.

2. Hf the mechanical joint is over 5 times stiffer than the concrete sphere,
the operating pressure of the spherical capsule should be 30% lower than a
uniform unjointed sphere.

3. A mechanical joint with a relative stiffness less than one should not be
used.

4. Penetrations for windows and electrical entries should be iccated between
30 degrees and 60 degrees latitude or at an apex 10 avoid the high shear strain
conditions in jointed spheres at latitudes near the equator and the apex.
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Appendix A

OPERATIONAL LOCK JOINTS

BACKGROUND

In the main study, the relationship between equatorial joint ring
stiffness and concrete sphere behavior was investigated, but little considera-
tion was given to the problems associated with operational lock joints. Thus,
for example, no investigations were conducted into the problems of (1} securely
attaching lock joint rings to hemispheres, {(2) sealing the mating surface of lock
joint rings, and {3} locking the joint rings together. No need existed to make
provisions other than adhesive bonding for securely attaching the ioint ring to
concrete because the test spheres were exposed only to external hydrostatic
pressure loading. The sphere assembly would not be exposed to forces tend-
ing to separate the hemispheres from the equatorial joint ring such as those
present during a launching operation. Sealing was no problem; once bonded
together, the hemispheres did not have to be separated. Locking arrangements
also were not necessary, as the simulated lock joint ring was monolithic.

TEST SPECIMENS

Two materials were chosen for investigation of operatianal lock joints,
glass fiber reinforced plastic (GRP) and steel. The GRP operational lock joint
was to be incorporated only into the 16-inch-OD x 14-inch-1D sphere, while
steel joints were to be incorporated into both the 16-inch-OD x 14-inch-1D and
66-inch-OD x 57.75-inch-1D concrete spheres. One concrete sphere assembly
specimen was to be built with each type of joint and subsequently evaluated
under hydrostatic loading.

The design chosen for the equatorial lock joints was simple (Figure
A-1). It consisted of two mating equatorial rings to be securely attached to
concrete hemispheres. The two ring-equipped hemispheres were to be later
locked together with bolts located around the circumference of the joint
assembly. An O-ring between the mating equatorial rings completed the
operational joint assembly. Special features of the ring design for the 16-inch
spheres were the following: (1) anchor pins were used to reinforce the adhe-
sive bond between the joint ring and the concrete, {2) the cross-sectional area
for the operational joint was approximately one-half that used in the simulated
lock joint {although the relative stiffness was only slightly reduced), (3) the
same size of concrete seating groove was used in the joint as in the simulated
joints.
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FABRICATION

Concrete

The 16-inch hemispheres were cast identically to those described in the
main body of the report. The 66-inch hemispheres were cast in a steel mold
(Figure A-2), using the same concrete mix as for the casting of 16-inch hemi-
spheres.5 A field-type curing technique was used for 66-inch hemispheres,
producing shells somewhat lower in strength than the 16-inch hemispheres.
The grinding of the equatorial edge for the small and the large sphere was
performed in the same manner as described in the main body of the report.

Figure A-2. Molds for casting 66-inch concrete hemispheres,

Joint Rings
The equatorial joint rings {Figure A-3) for both the small and large

concrete hemispheres were machined from flat piate stock —the smail ones
in a horizontal fathe and the large one in a vertical mill. Difficulties arose in
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maintaining flatness of the joint rings because the small rings were only 1/8
inch thick and the large rings were 1/2 inch thick. It was found, particularly
for the steel joints, that upon removal from the machining fixture considerable
twisting of the joint in the equatorial plane took place. The twisting created

a very noticeable deviation from flatness. For the ring for the 66-inch-diameter
capsule, this deviation was approximately 1/4 inch.

The problems encountered in fabricating a flat steel iock joint appeared
to be a potential source of trouble for concrete sphere assemblies to be built for
operational use. Therefore, the assembly technique for the test specimens was
modified to permit fabrication of the 16-inch sphere with twisted joint rings.
For the 66-inch sphere, special procedures were developed that resulted in a
sphere assembly with parallel mating flat joint rings.

Assembly

The equatorial joint rrigs were attached to the concrete hemispheres
by epoxy adhesive (F . Plastics Epocast 8288) and steel pins (Figures A-4
and A-B). Thestee' ;v . were set into mating holes drilled into the concrete.
The steel joint rirg vonded to the concrete shell served as the drilling template.
For the 16-inc.) sphere assembly that was to operate with the twisted steel joint
rings, each joint ring was placed separately on the adhesive-coated edges of the
16-inch concrete hemispheres. The thick layer of epoxy easily adjusted to the
unev:n surface of the joint, ensuring a watertight seal between the uneven ring
anJ the flat equatorial plane of the shell. When the two hemispheres with twisted
"ings were mated, a gap of approximately 1/16 inch was found on the external
edge of the fock joint assembly. The gap extended completely around the cir-
cumference of the joint. To seal the mating rings, RTV (Room Temperature
Vuicanizing silicone rubber) was forced into the gap after the joint was bolted
together.

To flatten out the steel rings for the 66-inch sphere, both rings were
clamped together tightly with the joint retaining bolts. The clamping force
exerted by the retaining bolts was sufficient to mate the two twisted rings of
the lock joint assembly together so that a reliable watertight seal could be
achieved by the O-ring. The clamped lock joint assembly was bonded to both
hemispheres. When the adhesive had set, the lock joint assembly was unbolted
and the individual joint rings inspected for fiatness. It was found that this
sphere assembly procedure resalted in a joint that deviated from true flatness
less than 0.020 inch. The adhesive bond between the concrete and the rings
prevented the steel rings from returning to the twisted shape.
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Figure A-3a. Lock joint ring for 16-inch sphere assembly. {View of
surface in contact with concrete.)

Figure A-3b. Lock joint rings for 66-inch sphere assembly. (View of
interior and exterior surfaces of joint ring.)
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{a) For 16-inch-diameter model.

(b) For 66-inch-diameter modet.

Figure A-4. Lock joint rings bonded to hemispheres.




Figure A-5. Typical anchor pins for securing joint ring to 66-inch hemisphere.

Instrumentation

The 16-inch sphere assemblies with operational lock joints were
instrumented for hydrostatic testing with electrical resistance strain gages
at eight locations; four on the inside surface at 7.5- and 55-degree latitudes
and four on the outside radially opposite the interior gages. The 66-inch
sphere assembly was instrumented at the same latitudes but only on the
sphere’s interior surface.

TEST PROCEDURES

Both the small and large spheres with operational lock joints on the
equator were rigidly attached to the vessel end closures by steel feedthroughs.
The small spheres were tested in the same vessel as the spheres described in the
main body of the report. The large sphere was tested in the 72-inch-diameter
pressure vessel (Figure A-6).

The small sphere assemblies with operational lock joints were tested to
destruction under short-term loading conditions. The hydrostatic pressure was
raised at a rate of 100 psi/min to implosion. Strains were recorded at 100-psi
pressure intervals,
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Figure A-6. Test arrangement for 66-inch sphere assembly.
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The 66-1nch sphere assembly was subjected to a long-term loading
test. It was pressurized at a 100-psi/min rate to 1,350 pst and was held at that
pressure until implosion took place. The 1,350-psi pressure level chosen for
sustained loading was equal to 83% of the expected short-term strength* for
66-inch spheres without joint rings. The reason for choosing the high sustained
loading level was to measure the behavior of a sphere with joint rings under a
sustained loading condition while ensuring a termination of the test (because
of tmplosion} after only several hours. For actual operations in the ocean,
where the sphere assembly would be equipped with a payload, the sustained
loading level would be much lower—prabably in the range of 20 to 30% of
the short-term strength.

OBSERVATIONS AND DISCUSSION
Implosion Failure

Small sphere assemblies imploded violently. The sphere with the steel
joint imptoded at P; /. = 0.157 and the one with the GRP joint at P, /f_ =
0.250. The fracture pattern was similar to that of the spheres with simulated
operational lock joints described in the main body of the report {Figure A-7).
The implosion data are fisted in Table A-1 and plotted in Figure 15,

The P, /f_ of 0.250 for the GRP operational joint was 13% lower than
the P, /. of 0.286 for sphere 2 with the simulated GRP joint. The test indi-
cated (1) that the short-term strengths ot spheres with operational joint rings
are somewhat [ower than, though comparable with, strengths of spheres having
joints of simirlar stifiness and (2) that an operational lock joint assembly made
of two mating halves behaves in @ manner like that of a simulated operational
lock joint of similar stiffness but of monolithic construction.

The P, _/f. of 0.157 for the sphere with the steel operational lock joint
was 36% lower than the average P, /f. of 0.247 for spheres with a simulated
lock joint of steel. The sphere’s strength seems significantly atfected by improper
mating between lock joint rings; therefore, precautions must be taken to ensure
that the mating halves ot an operational lock joint mate evenly over the whole
circumference ot the joint.

The large sphere assembly failed under sustained 1,350-psi hydrostatic
loading atter 240 minutes. The failure was localized {Figure A-8). Such a local
farture 1s generaltly triggered by some dimensional irregularity of the sphere, such

* The P’m/f; short-term strengths of three 66-inch spheres fabricated by the identical technigue
as the sphere egupped with the joint ing were 0.222,0.216, and 0.195, with a calculated
average of 0.211.5
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as changes in radius of curvature or thinner cross section of the wali. in the
sphere tested, the local implosion occurred in a location where the wall was
approximately 3/16 inch thinner and the internal radius of curvature 1/16
inch longer than specified. The local wall thickness and sphericity deviation
induce the material at that location to creep at a higher rate, causing the sheli
to form a local flat spot. Such a local flat spot induces great flexure stresses
around the periphery of the flat spot as well as at its center. Ultimately the
combined stress becomes so large that it exceeds the compressive strength of
the material, causing the formation of a conica! fracture plane. Close obser-
vation of the fracture pattern on the large sphere confirms this fracture
mechanism, as the edges of the hole are beveled inward, forming the boundaries
of a conical fracture plane typical of concrete compression failures.

The P, /f. = 0.175 of the 66-inch sphere under sustained loading was
found to be lower than the average P, /f, = 0.211 established previously® for
identical large spheres without any joint rings. Using the 0.89 ratio between
the P, /. of a 16-inch sphere with simulated steel lock joint (sphere 6) and the
P../f. of a 16-inch sphere without joint rings as a guide, the ratio of short-term
implosion pressure to concrete strength of the large spheres with a steel joint
ring is extrapolated to be 0.187. When this extrapolated P, /f, = 0.187 is com-
pared with the experimentally obtained long-term strength of P, _/f. = 0.175,
much better agreement is found. Because sustained hydrostatic loading invari-
ably causes spheres of viscoelastic material to fail at lower pressures than those
obtained under short-term loading conditions, it could be postulated that the
short-term P, /f. of the 66-inch sphere with the steel lock joint rings is at least
equal to, and probably slightly higher than, the extrapolated P, /f, = 0.187
value.

Table A-1. Results of Tests on Spheres With Operational Joints

Outside Relative
] Joint Stiffness? . . ,
Sphere Duzr:sjter Material of Pim (psi) f (psi) P/fe
) Joint Ring
12 16 GRP 0.99 2,650 10,600 0.250
13 16 steel 15.18 1,730 11,020 0.157
14 66 steel 15.09 1,350 7.720 | 0.187%
1 E' Af
EC AC

b see discussion in text.
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(a) With operational steel lock joints,

(b} With operational GRP lock joints.

Figure A-7. Imploded 16-inch sphere assembly.




Figure A-8. Local implosion of 66-inch concrete sphere assembly.

it would thus appear that the operationai lock joints of steei
performed properly and did not lower the short-term strength of the con-
crete sphere below the strength level expected from spheres with simulated
lock joints of equivalent stiffness. The acceptable performance of the large
concrete sphere compared with the unacceptable performance of the small
sphere with operational steel lock joints of identical stiffness reinforces the
observation made previously that improper mating between individual rings
significantly lowers the depth capability of a concrete sphere equipped with
an equatorial lock joint.

Strain Behavior
Strain data are listed in Table A-2 for the three spheres with oper-

ational joints. In small sphere assemblies the magnitude and distribution of
strains ditfered significantly between the stee! and the GRP operational joints.
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The sphere assembly with GRP operational joints registered strains which
both in magnitude and distribution were similar* to those measured pre-
viously on sphere 2 with a monoiithic GRP joint,

There was very little similarity between the strains measured on the
16-inch-0OD sphere assembly with an operational steel joint and sphere 6
equipped with a monolithic steel joint. The pattern of longitudinal strains
on the sphere with the operational steel joint was the opposite of that found
on sphere 6. On sphere 6, the maximum longitudina! strain was measured on
the interior of the sphere adjacent to the joint; whereas, on sphere 13 with the
operational lock joint, it was found on the exterior adjacent to the joint. Such
a dissimilarity in strain patterns between the small sphere with operational joints
and sphere 6 was 10 be expected, because the uneven mating of the operational
joint caused nonuniform stress concentrations,

That the dissimilarity in strains between operational and simulated
steel lock joints is only a function of poor mating between the joint rings is
further substantiated by the similarity of the strains measured on the 66-inch
sphere with properly mating rings to the strains on sphere 6 with the simulated
steel lock joint. The similarity between the small sphere assembly with the
simulated steel lock joint and the large sphere with the operational steel lock
joint also confirms the postulate that the strains measured on a small-scale
assembly are applicable to design of large-scale concrete sphere assemblies,
provided the relative stiffness ratio of the equatorial joint rings is about the
same in both cases.

FINDINGS

1. Strains measured on concrete sphere assemblies with simulated equatorial
lock joints can be used to predict strains in concrete sphere assemblies with
operational lock joints if the relative stiffness ratio between the equatorial
lock joint assembly and the concrete is similar.

2. improper mating between the rings of the lock joint assembly is more
detrimental to the implosion strength of the concrete sphere assembly than
a change in the relative stiffness of the joint.

3. The operational equatorial lock joints fabricated from glass reinforced
plastic provide the closest match to the properties of the concrete shells.

* When comparing the strains from assemblies with operational joints to those from
assemblies with simulated joints, one must recall that in the former the gages were
located at two ditferent latitudes whereas in the latter they were located at five dif-
ferent latitudes.
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CONCLUSIONS

Concrete hollow spheres can be equipped at the equator with opera-
tional lock joints that will decrease the hydrostatic load carrying capability
of a sphere without a joint ring by only 10 to 20%. Such operational joints
\ should be made of glass fiber reinforced plastic. Joint rings made of steel will
decrease the hydrostatic load carrying capability of a uniform unjointed sphere
by up to 50% if the ring is not properly mated to the sphere.
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Appendix B

MATERIAL PROPERTIES

The material properties of compressive strength, modulus of elasticity,
and Poisson’s ratio for the concrete and ring materials are presented in Table
B-1.

Table B-1. Material Properties

Concrete Joint Rings
Sphere | Hemisphere S"efr,‘gth' ) Yield Strength, | Modulus of Poisson’s
c Material f Elasticity, E .
{psi) (DZ” (psi x 106) Ratio
Simulated Lock Joints
1 I 19150 | PoMeaonate 8.320 0.3 0.40
2 3'_2 }?;328 GRP 15900 195 0.38
3 g:é 1 : :?gg atuminum 75.600 1.0 0.32
4 a8 :8%28 aluminum 75,600 1.0 0.32
5 2:2 182&8 titanium 140,800 17.4 0.23
6 o :(1,:;88 steel 41,200 30.0 0.27
7 ;ﬁg : : :g;g steel 49 700 30.0 0.27
8 212 :g%g steel 54,200 30.0 0.27
9 ob ” .': b steel 32,700 30.0 0.27
10 lgig gg;g titanium 140,800 17.4 0.23
" e ggég aluminum 75,600 10.5 0.32
Operational Lock Joints

12 2 10,600 GRP 15.900 195 0.38
13 1312 : : 1(3)58 steel 49,700 30,0 0.27
1ab :2:2 ;:?/gg steel 50,000 30.0 0.27

Note Concrete modulus of elasticity averaged 3.57 x 106 psi, Poisson's ratio for concrete averaged
0.16.

2 16-inch-OD sphere.
4 66-inch-OD sphere.
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The modulus of elasticity for concrete used to calculate the relative
stiffness and the concrete stress was a secant modulus. The stress—strain rela-
tions obtained for each hemisphere by testing 3 x 6-inch control cylinders were
averaged to give a mean stress—strain curve for the concrete. A secant line was
drawn from the origin through a point on the curve at one-half the ultimate con-
crete strength (1/2 ) as shown in Figure B-1. The slope of this straight line was
the secant modulus and was equal to 3.57 x 10 psi. This secant modulus is less
than the modutus calculated from the formula presented in the American Con-
crete Institute Building Code Reguirements (ACI 318-63). The AC! formula,

E =W"5 (33)4/f, . vields a modulus of 5.64 x 108 psi.

12,000 T T - T
10,000 - -
secant modulus
8,000 —
E
2 6,000 |- —
2
[
4,000 |~ —
E =357
2,000 =
0 | ! ! 1
0 1,000 2,000 3,000 4,000 5,000

Strain (uin./in.}

Figure B-1. Mean uniaxial concrete stress—strain behavior of 3 x 6-inch
control cylinders.
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The Poisson’s ratio was determined using an average of the axial strain
versus transverse strain relations obtained from the 3 x 6-inch control cylinders.
A straight line was drawn through the mean axial strain versus transverse strain
curve in such a manner as to average the variations. The slope of this line is the
Poisson’s ratio, as shown in Figure B-2.

350 — — ,

Observed relationship
~ — ——Poisson’s ratio, v= 0.16

Transverse Strain {uin./in.)

[N

1000 1,500

Longitudinal Strain {uin./in.)

Figure B-2. Transverse strain versus longitudinal strain for control cyfinders.
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Appendix C

STRAIN DATA

Graphs of strain versus latitude for the eight instrumented specimens
are presented in Figures C-1 through C-4.

LONGITUDINAL STRAINS

Figures C-1 and C-2 present the interior and exterior longitudinal
strains measured at five latitudes and plotted at various P/f; loading ratios.
The general observations of the interior longitudinal strains are as follows:

1. On the sphere with the polycarbonate plastic joint ring (sphere 1)},
the strains were nearly uniform at all 1atitudes under low loading levels, while
at higher loading levels the strain near the apex was somewhat lower than at
other latitudes. The magnitude of strains was approximately the same as in
spheres without equatorial joint rings.

2. On the sphere with the GRP joint ring (sphere 2), strains showed
only a minor increase near the joint compared with those at other latitudes.
The magnitude of the increase appeared to be proportional to the magnitude
of loading. !n the 30- to 70-degree (atitude range, the magnitude of measured
strains was approximately the same as in spheres without equatorial joint rings.

3. Alf spheres with metal joint rings (spheres 3,5, 6, 7, 8, and 9)
showed similar strain behavior. In all cases the strain rear the equatorial joint
was considerably higher than at all other latitudes, the lowest strain occurred
between 20 and 60 degrees of latitude, and strain near the apex was somewhat
greater than the strain between 20 to 60 degrees of latitude but still less than
the strain near the joint. Only the strains in the 30- to 40-degree range of lat-
1itude were approximately the same as in spheres without equatorial joint rings.

The general observations of the exterior longitudinal strains are as
follows-

1. On the sphere with the polycarbonate plastic joint ring {sphere 1)},
the strains were nearly uniform at all latitudes under all pressure loadings except
just prior to implosion. Under P/f, = 0.22 loading, the strain at 22.5-degrees lat-
itude appeared to decrease significantly below strains at other latitudes. That
anomaly probably was caused by the failure in the adhesive between the gage
and the concrete at that loading level. The strains in the 20- to 70-degree lat-
itude range were approximately equal to strains in spheres without equatorial
joint rings.
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2. On the sphere with the GRP joint ring {sphere 2), the strains were
nearly uniform at all latitudes and approximately equa! to those in spheres
without joint rings.

3. All spheres with metallic joint rings (spheres 3, 5,6, 7, 8, and 9)
showed the same general strain characteristics. The greatest strain cccurred
between 20 and 60 degrees of atitude, the lowest strain was near the equator,
and the stramn near the apex was larger than that at the equator but less than
that in the 20- 10 € degree latitude range. Only the strains near the apex were
of the satne magnitude as those 1n the sphere without equatorial joint rings.

LATITUDINAL STRAINS

Figures C-3 and C-4 present the intenior and exterior latitudinal strains
measured at the five latitudes and plotted at various P/, ratios. Also plotted
are the strains at the equator for the interior and exterior of the sphere. These
strains were calculated based on the measured strains on the interor and exte-
rior of the ning joint. 1t was assumed that the strain gradient across the ring
was hinear. interpolation between the strain at a radius equal tc 6.74 inches
(interior surtace of the ring) and at 8.70 inches (exterior surface of the ring)
gave the stramns at radii of 7.00 inches and 8.00 inches, the interior and exte-
ror of the spherical hull,

The 1/32-inch-thick epoxy layers between the concrete hemispheres
and the 1oint ring permitted some differential movement, yet, because the
mner hip of the ring fitted tightly agamst the inner surface of the concrete
nemisphere, the ditferential movement was believed to be small. Theretore,
the difference between the strain values plotted at 0 and 7.5 degrees is
behieved 1o be the actual stramn difference with hittle infivence trom difteren-
tial movement between the concrete hermizphere and the joint ring.

The general observations ot the inrerior latitudinal strains are as
totows

1. On the sphere with the polycarbonate plastic jomnt ring {sphere 1),
the strains measured at alt latitudes on concrete were nearly uniform, while
the strain on the polycarbonate plastic ring was considerably tugher . The mag-
nitude of strains in the concrete was approximately the same as in sphieres
Vathout equatorial joint rings.

2. On the sphere with the GRP joint ring (sphere 2), the concrete
strans and the stramin of the joint ring were very similar, and the strain mag-
nitude was approximately the same as that in spheres without equatornial joint
T1nqs.
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3. The strain behavior on all spheres with metal joint rings (spheres 3,
6, 7. 8, and 9) was similar except for sphere 5. Generally, the minimum strain
occurred on the joint ring, with the lowest concrete strain being recorded near
the joint. The maximum strain occurred in the 40- to 60-degree latitude range.
The strains near the apex are approximately the same as in spheres without
equatorial joint rings.

4. On sphere 5 the minimum strain occurred at 7.5 degrees latitude,
with the strain of the titanium ring appearing as much as 70% greater. |t is
believed that this is the result of improper bonding between the gage and con-
crete.

The general observations of the exterior latitudinal strains are as
follows:

1. On the sphere with the polycarbonate plastic joint ring {sphere 1),
the strains were relatively uniform, with the largest strains occurring on the
ring. Strains near the apex were approximatety the same as in spheres without
equatorial joint rings.

2. On the sphere with the GRP joint ring {sphere 2), the strain
variation was the least for all the spheres with joint rings. The magnitude
of strains at all latitudes and on the joint was approximately the same as in
spheres without equatorial joint rings.

3. On all spheres with a metal joint ring (spheres 3,5, 6, 7, 8, and 9),
the smallest strain was on the joint, with the lowest concrete strain being
recorded near the joint.

4. On spheres 3, 5, and 7, the maximum strain occurred between 20
and 60 degrees latitude.

5. On spheres 6, 8, and 9, the maximum strain was observed at 72.5
degrees latitude.

6. Inali of the spheres except sphere 8, the strains near the apex were
approximately the same as in spheres without joint rings.
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Appendix D

LONGITUDINAL AND LATITUDINAL STRESS DATA AT
P/f, = 0.20

For each specimen at a ratio of pressure loading to concrete strength
(P/f) of 0.20, the interior and exterior stresses were calculated using the fol-
lowing equations:

E
oi,long = 2 (ei,lorg + l)Ei.lat)
1 -
E v
oe,long = 1 2 (ee,long + Vee,lat) + 1 -v P
E
oi,lat 2 (ei,lat + Vei,lorg)
-v
E v
oe.lat 1 2 (ee.lat + vee.long) + 1 - v P
-v
where
O, i1ong = Interior longitudinal stress (psi)
Oclong — ©xterior longitudinal stress (psi)
Oi1;x = Interior latitudinal stress /psi)
Ocist = e€xterior latitudinal stress (psi)
€.10ng = iNnterior longitudinal strain (in./in.)
€.1;x = Interior latitudinal strain (in./in.)
€..long = €xterior iongitudinal strain (in./in.)
€e1;r = ©xterior latitudinal strain (in./in.)
E = modulus of elasticity = 3.57 x 108 psi
v = Poisson’s ratio = 0.16
P = external applied pressure (psi)




e e e -

Aspects of the longitudinal behavior on all spheres with a meta! joint
ring (illustrated in Figure D-1) are:

1. The longitudinal stress on the exterior surface is greater than on
the interior surface at the midlatitudes (Figures D-1c to D-1h).

2. Near the joint the interior stress is much greater than that of a
uniform sphere while the exterior stress is less.

3. At the midlatitudes the interior stress is often less than that of a
uniform sphere while the exterior stress is greater.
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5T OF SYMBOLS

long

ong

Area of concrete removed and replaced by O¢,iong
jointring

Ol, lat
Cross-sectional area of joint ring

ai. long
Qutside diameter of sphere (in.)

Iyp

Modulus of elasticity {psi)

Secant modulus of elasticity of concrete (psi)
Modulus of elasticity of ring material (psi)
Ultimate uniaxial concrete strength {psi)
Applied pressure (psi)

Ratio of applied pressure to concrete strength
Implosion pressure {psi}

Ratio of implosion pressure to concrete
strength

Relative stiffness

Wall thickness of sphere (in.)

Ratio of wall thickness to outside diameter
Unit weight of concrete (pcf)

Spherical angle (deg)

E xterior tatitudinal strain (in./in.)

Exterior longitudinal strain (in./in.)
Interior iatitudinal strain (in./in.)

Interior longitudinal strain {in./in.j
Poisson's ratio

Exterior latitudinal stress (psi)
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Exterior longitudinal stress {psi}
Interior latitudinal stress (psi)
Interior longitudinal stress (psi)

0.2% offset yield point
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ABSTRACT

Two modes of failure for hollow concrete spheres subjected to
hydrostatic pressure loadings are discussed, and the experimental resuits
are presented. The first mode of failure was crack development in the plane
of the concrete wall, and the second mode was implosion. From experiments
using 16-inch-OD spheres, the difference between the pressures at failure for
the two modes ranged from 0 to 50%. Expressions to predict the pressures
at initiation of in-plane cracking of the concrete wall and the pressures at
implosion are presented.
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OBJECTIVE

The main objective was to develop preliminary expressions which
would describe the failure behavior of concrete spheres under hydrostatic
loading. The equations would be useful in predicting the range of depths in
the ocean where concrete spheres could have application. A secondary objec-
tive was to determine the influence of concrete strength on the failure of
thick-walled spheres under hydrostatic loading.

INTRODUCTION

In general, material development for underwater structures has been
directed toward producing materials, namely steels and aluminums, with a
high strength-to-weight ratio for use in movable structures. The high-strength
material approach was necessary to advance state-of-the-art technology for
military submarines and research submersibles. For structures located perma-
nently or semipermanently on the ocean floor, the functional requirements of
the construction material are different from those of submersibles. Permanent
structures do not require positive buoyancy and, therefore, could be constructed
from materials with a low strength-to-weight ratio. These weaker materials
could prove to have a major economic advantage over high-strength materials.
The United States Navy desired to develop various materials which would be
suited for different operational requirements. Concrete is one material which
appeared suited for permanent structures.

Concrete possesses the desirable features of low cost, good compressive
behavior, and high resistance to deterioration in seawater.' The ability of the
material to function in the ocean at depths to 130 feet has already been dem-
onstrated; the Chesapeake Bay Bridge Tunnel in Virginia, the St. Lawrence
River Tunnel at Montreal, and the Trans-Bay Tube at San Francisco are examples
of transportation tunnels that were constructed from precast concrete sections
joined together underwater. However, the maximum depth capability for
underwater concrete structures has not been investigated. Therefore, this study
was initiated to determine the range of depths within which concrete structures
would have application.




The approach of the study toward fulfilling the objective was as
follows. To permit the analytical prediction of the failure pressures of concrete
spheres, an experimental program was performed to determine the influence of
concrete strength on implosion pressure. By incorporating this data with results
from previous studies,?"4 sufficient data was available to develop an empirical
expression to predict implosion of spheres.

A study on the mechanics of failure of the spheres generated a concept
of a different mode of failure. This failure mode considered the cracks which
initiated in the concrete wall prior to implosion and which developed in a
direction parallel to the maximum principal stresses. Previously conducted
research was employed to validate a modified expression for elastic thick-walled
spheres, which was developed to predict the pressure at the initiation of in-plane
cracking.

BACKGROUND

Since 1966, the Naval Civil Engineering Laboratory has been involved
in experiniental studies on concrete hollow spheres subjected to simulated
hydrospace loadings. The major objective of this research was to determine
the practicability of employing concrete as a construction material for deep-
ocean (below 600 feet) structures. The research programs?-# were exploratory
investigations into the behavior of concrete spheres under external hydrostatic
loading; they were designed to define areas for future research.

The first investigation? on concrete pressure hulls showed that model
spheres with 16-inch outside diameter (OD) and 1-inch wall thickness (t/D,
ratio of 0.0625) were capable of ultimate resistances equal to the pressure
loading imposed at approximately 7,000 feet in the ocean. These buoyant
hulls with a weight-to-displacement ratio of 0.725 imploded at hydrostatic
pressures greater than predicted by elastic thick-walled theory. Thus, the
pressure-resistant behavior of the concrete spheres showed the material had
potential for use in deep-ocean structures.

The objective of the second investigation® was to determine the effect
of hull discontinuities, such as hatches, windows, or electrical penetrations,
on the structural behavior of concrete spheres. it was reported that hull
penetrations with a greater stiffness (modulus of elasticity) than concrete had
no significant effect on the strain distribution or implosion pressure of concrete
spheres.

The third study* investigated the influence of the wall-thickness-to-
outside-diameter ratio (t/D,) on the behavior of concrete spheres. Four
t/D, ratios were investigated: 0.0625, 0.1250, 0.1875, and 0.2500. The wall




thickness varied from 1 to 4 inches in increments of 1 inch, while a constant
outside diameter of 16 inches was maintained. The teSt results showed that
implosion pressure was a quasilinear function of the t/D, ratio. As is shown

in Figure 1, this finding was anomalous to elastic thick-walled theory. Another
test result observed by Stachiw® but not predicted by elastic theory was the
strain behavior on the interior surface of spheres with wall thicknesses of 2,

3, and 4 inches (t/D, ratios of 0.1250, 0.1875, and 0.2500 respectively). The
strains were congruent with elastic behavior until at some pressure loading
they began to decrease in magnitude, while the spheres continued to sustain
considerable increases in pressure loading. It was postulated that the interior
concrete surface began to spall, which would have accounted for the relaxation
in strains. This explanation does not appear 10 the authors as complete; with
spalling, the wall thickness would become thinner which would tend to cause,
not delay, implosion. Discussion of this strain behavior is presented in this
report under “In-Plane Cracking.”
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Figure 1. Comparison of experimental and theoretical implosion behavior.
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An analytical method was proposed by Stachiw? to predict strains on
the interior and exterior surfaces of concrete spheres. The classical Lamé
expressions for thick-walled elastic spheres were utilized and predicted strains
with good agreement to experimental values, providing the instantaneous secant
modulus of elasticity was used in the calculations instead of the initial modulus.

To minimize variables, all of Stachiw’s work was performed on spheres
constructed using the same concrete mix design; hence, the ultimate concrete
strength of the sphere specimens remained essentially constant within a range
of 9,000 to 11,000 psi. (The concrete strength was determined by uniaxial
compression tests on 3 x 6-inch concrete control cylinders.) Concrete strength
as an independent variable was not investigated.

The experimental program of the present study was designed to generate
data from spheres constructed of a concrete with a strength different from that
of previous studies?*4 so that a more general understanding of the failure modes
of concrete spheres could be obtained.

TEST PROGRAM
Experiment Design

The objective of the test program was to generate experimental results
so that the effect of concrete strength on the implosion pressures of spheres of
various t/D,, ratios could be determined. The experimental program consisted
of testing spheres with a lower strength concrete than that in previous tests
while maintaining casting, fabricating, and testing procedures similar to those
in past work.2#4 The concrete mix design used in Stachiw’s work was altered
to obtain a strength of 6,000 psi by increasing the water/cement ratio, decreas-
ing the curing period, and changing the type of cement. However, when the
altered mix was compared to the original mix design, they were, except for
strength, essentially equivalent because the type of aggregate, aggregate pro-
portions, and aggregate/cement ratio were identical.

Four 16-inch-OD model concrete spheres were constructed and tested
in ocean simulation facilities. The spheres had wall thicknesses of 1, 2, 3, and
4 inches as shown in Figure 2, which correspond to t/D,, ratios of 0.0625,
0.1250, 0.1875, and 0.2500 respectively. Two hemisphere sections joined with
an epoxy bonding agent formed the spherical hulls. Hydrostatic pressure test-
ing of the hulls was performed in the NCEL pressure test facility; the general
test setup is shown in Figure 3. The spheres were loaded at a constant pres-
surization rate of 100 psi/min until implosion. A detailed description of
specimen fabrication and test procedure is presented in the Appendix.




Figure 2. Concrete hemispheres of 16-inch outside diameter.

Test Results

Implosion pressures of spheres and corresponding concrete strengths
are presented in Table 1. Figure 4 shows the relationship between wall-thickness-
to-outside-diameter ratio (t/D,)} and implosion pressure (P, ). The relationship
is closely approximated by a straight line. Stachiw?® reported a similar linear
relationship for spheres with a concrete strength of 11,000 psi as shown in
Figure 1.

Another finding, which coincided with earlier work,* was evidence that
the concrete had cracked in the plane of the wall. Figure 5 is a view of this in-
plane cracking, which was visible in the wall of the sphere with a t/D,, ratio of
0.2500. The following section discusses the development and the influence of
these cracks on the behavior of the spheres.




Figure 3. Concrete sphere prior to placement in pressure test facility.
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Table 1. Concrete Sphere Test Results

Implosion Concrete
Sphere t/D, Pressure, Strength,b Pim /fc'
Number? Ratio Pim fe Ratio
{(psi) (psi)

35 0.0625 1,710 6,090 0.281
36 € 1250 3,375 5,750 0.587
37 0.1875 5,280 5,990 0.882
38 0.2500 7.370 6,080 1.212

4 Numbering system is continued from Reference 4.

b Average of six 3 x 6-inch control cylinders tested under uniaxial compression.

DISCUSSION
Introduction

The response of concrete spheres to short-term hydrostatic loading
was sequentially: elastic behavior, crack development near the interior wall
and, finally, implosion. The development of cracks within the concrete wal!
relieved strains and commenced a mode of behavior which had an overall
effect of increasing the implosion pressures of concrete spheres beyond the
limits predicted by elastic theory. Because the presence of such cracks would
probably be detrimental to the structural behavior of spheres under cyclic or
long-term loading, the initiation of cracking in the concrete wall was defined
as a failure mode. In-plane cracking failure is discussed prior to implosion
failure so that the eftfect of cracking on the mechanics of implosion may be
better understood.

In-Plane Cracking

A combined stress state is induced in the wall of a thick-walled sphere
which is subjected to hydrostatic pressure loading. Most of the wall cross
section is under a triaxial stress state where tangential stresses at a defined
radius are equal and where the radial stress varies from maximum at the exterior
surface to zero at the interior surface. Thus, the interior surface is under
biaxial stress. Figure 6 illustrates schematically the stresses that are imposed
on elements of the wall at the interior and exterior surfaces. Because the
maximum tangential stress exists at the interior surface and because concrete
is weaker in biaxial than in triaxial compression, the interior surface is the
critical location.




S, =0

Internal pressure, P, =0
External pressure, Po

Figure 6. Stresses on elements
located at exterior and
interior wall surface of
concrete sphere loaded
under external hydro-
static pressure.

s/t\s| rone

Figure 7. Crack development in
concrete under biaxial
loading.

The development of
cracks.in concrete subjected to
compressive biaxial stress has
been observed by Robinson® to
develop in the direction paratlel
to the maximum principal stresses.
His experiments using biaxially
loaded concrete slabs showed that
cracking occurred in the plane of
the slab, as seen in Figure 7, due
to the Poisson effect in the unre-
strained direction. Similar cracking
would be expected to occur in
the walls of concrete spheres
because biaxial stresses existed
at the interior wall and because
within the wall the maximum
principal stresses in the tangential
direction were many times greater
than the minimum principal stresses
in the radial direction.

Stachiw® reported a
relaxation or decrease of strains
as shown in Figure 8, while the
spheres continually resisted
increases in hydrostatic pressure
loading. From fragments of
imploded spheres, he also observed
that cracks existed in the plane
of the wall. In the present inves-
tigation, in-plane cracking was
observed in the fragments of
imploded spheres with t/D, ratios
of 0.1875 and 0.2500. Figure 5
shows distinctly a crack which
runs in the plane of the wall approx-
imately 1 inch from the exterior
surface; this type of cracking on
a more extensive basis probably
occurred within the 1 inch of
concrete missing on the interior
surface.
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Figure 8. Typical strains on interior wall of sphere with
/D = 0.2500 (after Stachiw?).

From test results presented by Stachiw,* the hydrostatic pressure at
which in-plane cracking of concrete commenced, P, can be determined and,
as shown in Figure 8, was taken at the point where strains began to decrease.
Table 2 presents experimental values of in-plane cracking taken from Stachiw’s?
work, and Figure 9 shows the relation between the pressures at in-plane crack-
ing and implosion. As the wall-thickness-to-outside-diameter ratio increased,
the difference in pressures between the two modes of failure also increased.

Table 2. In-Plane Cracking Resuits

Experimental” ,

Sphere | t/D, Caiculated® | EXPPpiffc

Number Ratio P fo P/t Poi/te Calc Py, /¢

(psi) (psi) pile

2 0.0625 3,240 11,240 0.288 0.297 0.97
25 0.1250 5,960 10.920 0.545 0.520 1.0
29 0.1875 7.220 11,530 0.626 0.680 0.92
33 0.2500 8.860 10,920 0.812 0.788 1.03

4 Data was obtained from experimental results after Stachiw.4

b These values were calculated using Equation 5 of this report.
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in order to predict the pressures at which in-plane cracking of concrete
commenced, the Lameé classical expression to calculate the stress distribution
within a sphere subjected to uniform external pressure was initially applied to
the data and was then modified to account for the biaxial strength of concrete.
The elastic thick-wall theory in its general form is expressed as follows:

LAY LN 28
Se = 3 _ .3 (1)
2 \r,? -1

o

3 3
Pr3[ -1

and S, = 3 \T3 .3 (2)

(] ]

where S, = wall stress in tangential direction (psi)
S, = wall stress in radial direction {psi)
P, = external pressure (psi)
r, = exterior radius {inches)
r, = interior radius (inches)
r = radius to location in wall under consideration (inches)

To find the stress at the critical location, r = r; was substituted into
Equations 1 and 2. The equations reduced to the form

s = Tt @

and S =0

It was assumed that the pressure at initiation of in-plane cracking, Pp,,
initiated when the maximum principal stresses equaled f. , the compressive
strength of the control cylinders. Substituting f¢ for S, and P, for P, in
Equation 3 vielded an expression for the pressure at initiation of in-plane
cracking in terms of sphere geometry and concrete strength,

rn\
u Py = 21| ‘(T) (4)

12




where Ppl

fe

pressure at initiation of in-plane cracking (psi)

compressive strength of concrete control cylinders (psi)

Equation 4 is based on elastic thick-wall theory. Figure 10 shows that
Equation 4 predicted a lower in-plane cracking pressure than experimentally
observed, probably because major cracking did not occur at a wall stress equa!
to the uniaxial compressive strength. Instead, the improved concrete strength
under biaxial compression must have increased the pressure load required to
begin in-plane cracking.

1.0

initiation of in-plane 4
0 cracking {after Stachiw )

o
-]
A

[]
& —T
= modified elastic theory, — -
o° P = 090f:f1~[= \ -
: Sl R
g 06 Kl —
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2 4 -
o ”
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g v 7 N\ atrer vite?
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< 7 s
H 7
£ 7 elastic thick-wall theory
.l
W g2 "
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Ve
7
0
0 0.05 0.10 0.15 0.20 0.25

Thickness/Qutside Diameter tho) Ratio

Figure 10. Prediction of in-plane cracking in concrete spheres
with various t/D, ratios.
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Vile,” in one of the most comprehensive publications on the strength
of concrete and mortar under short-term biaxial loading, reported that the
strength of mortar subjected to equal biaxial stresses increased by a factor of
1.30 over the uniaxial strength. (The concrete used in the spheres was techni-
cally a mortar.) Figure 10 shows the effect of increasing the concrete strength,
f., in Equation 4 by Vile's factor of 1.30. The function is in agreement with
experimental data; however, the curve is still conservative which indicates that
Vile's factor of 1.30 may possibly be low for the spheres. The biaxial strength
factor could have been greater for the concrete in the spherical test specimens
than in Vile's cube test specimens because in the sphere the curvature of the
interior surface may have contributed a positive influence on strength due to
geometry; also the triaxially stressed concrete adjacent 1o the interior surface
may have had a smali but positive effect on increasing the strength.

The actual biaxial strength of the concrete in the spheres was determined
by assuming that for the spheres with a t/D, ratio of 0.0625, in-plane crack
initiation and implosion occurred simultaneously; the assumption appeared valid
for the test results. Equation 3 yielded an ultimate biaxiai stress of 15,300 psi.
The uniaxial concrete strength from control cylinders was 11,340 psi; therefore,
the uniaxial-to-biaxial strength increase was a factor of 1.35. Equation 4 was
modified to account for this increase in uniaxial concrete strength as follows:

2 , AN
Py = 3 (1.35) {1 - 7;

r 3
or P,, = 0.90f.]1 (T) (5)

o

Figure 10 shows that Equation 5, a modified elastic theory expression which
accounted for the biaxial strength of concrete, predicted the pressure at
initiation of in-plane cracking in good agreement with the experimental results.
Table 2 presents the correiation between experimental and calculated values
of in-plane cracking pressures.

Implosion Failure Mode

Including Stachiw’s data,2"4 a total of 27 spheres have been tested to
implosion under short-term loading conditions. Table 3 summarizes the test
results for these specimens, and Figure 11 shows the influence of concrete
strength on the implosion pressures of spheres of various t/D, ratios. In
general, an increase in concrete strength resulted in an increase in implosion

14




pressure. Figure 12 shows the relationship between two nondimensional
parameters (a) implosion-pressure-to-concrete-strength ratio (P;,, /f.) and
{b) wall-thickness-to-outside-diameter ratio (t/D,) as a straight-line function.
A least squares analysis gave the following empirical relationship.

P = 4.8 <Et-> 0.06 < t/D, < 0.25 (6)
[
where P, = implosion pressure (psi)

14 } 8

Concrete strength,
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Figure 11. implosion pressures of spheres of various concrete strengths.

15




Implosion Pressure/Compressive Strength (Pim"é’ Ratio

1.4

1.2 /
1.0 Pim =48 f5(5_ < 7/ /
0.8 95% confidence

limits

/)

o
o

Y4

e

L g

o
r'S

4

/

] Authors’ data
O After Stachiw""'4

0.2

0.05

Figure 12. General relationship for predicting implosion pressures of

0.10

0.15
Thickness/Outside Diameter (t/Do) Ratio

0.20

concrete spheres subjected to hydrostatic loading.

16

0.25



Table 3. Summary of Implosion Test Resuits?

Implosion Concrete
b t/D, Pressure, Strength, Pim/fe
Sphere Ratio Pim fe Ratio

(psi) {psi)

1 0.0625 3,100 8.990 0.345
2 0.0625 3,050 9,750 0.313
3 0.0625 3.200 9,930 0.322
5 0.0625 2,850 8,160 0.349
6 0.0625 2,500 8,140 0.307
8 0.0625 3,600 11,200 0.322
12 0.0625 2,7%0 7,790 0.353
14 0.0625 3,300 9,640 0.343
15 0.0625 3.485 11,210 0.311
16 0.0625 3,400 11,170 0.304
18 0.0625 3,375 11,480 0.204
19 0.0625 3.450 11,270 0.306
20 0.0625 3,425 11,530 0.297
21 0.0625 3,240 11,240 0.288
23 0.1250 5,720 11,190 0.5612
24 0.1250 6,330 11,040 0.573
25 0.1250 6,590 10,920 0.602
27 0.18756 9,250 10,370 0.892
28 0.1875 3,175 10.830 0.846
29 0.1875 9,500 11,530 0.823
31 0.2500 13,800 10,990 1.255
32 0.2500 13,575 11,180 1.215
33 0.2500 13,550 1C.920 1.240
35 0.0625 1,710 6,090 0.281
36 0.1250 3,375 5,750 0.687
37 0.1875 5,280 5,990 0.882
38 0.2500 7.370 6.080 1.212

2 Sphere numbers 1-16 were subjecter 10 various loading conditions. Spheres 18-38 were
tested under identical loading conditions where pressurization rate was 100 psi/min.

b Concrete spheres were all waterproofed except numbers 5, 6, and 12. Missing sphere
numbers pertain to spheres that were used to study other variables.
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Figure 13. Comparison of failure modes for concrete spheres subjected
to hydrostatic loading.

Figure 13 graphically compares the implosion and in-plane cracking
modes of failure for hydrostatically loaded spheres. The deviation between
the modes of failure resulted from in-plane cracks which caused a redistribu-
tion of stresses within the wall. With commencement of in-plane cracking,
the highest stresses on the interior walil were relieved and the concrete nearer
midthickness sustained increased load. Within the wall triaxial stress conditions
existed so the concrete was capable of attaining considerably higher levels of
stress than concrete subjected to uniaxial stresses. As the wall thickness became
greater, two conditions aided in increasing the implosion failure pressure of the
sphere beyond that predicted by elastic thick-wall theory. The first was that
a greater percent area across the wall reached the ultimate concrete compressive
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Figure 14. Tentative operational depth ranges of concrete spheres based
on the failure mode of in-plane cracking.

strength resulting in a near uniform stress distribution across the wall. The
second was that the greater wall thickness confined the concrete more effec-
tively than in the thinner walls so that the actual ultimate compressive strength
of the concrete was greater in the thicker walled spheres. Hence, as the wall
thickness increased the concrete was capable of attaining a higher and more
uniform stress state than that in the thinner walled spheres. This behavior
would permit the possibility of attaining a straight-line relationship between
P, /f. and t/D,.

UNDERWATER CONCRETE STRUCTURAL APPLICATIONS

The depth range for which concrete structures have appiication in the
ocean can be forecast on the basis of the experimental information generated
to date. It is important that a tentative ocean depth range for concrete be
ascribed so that ccean structural engineers are cognizant of the potential of
concrete for undersea construction. Figure 14 shows tentative operational
depths for concrete spheres for a wide range of t/D, ratios and allowable
concrete strengths. The curves are based on initiation of in-plane cracking
(Equation 5). A factor of safety can be applied to the curves by the individual

19



reader by assuming an allowable concrete stress (as opposed to the ultimate
concrete strength). State-of-the-art concrete technology would permit the
upper limit on allowable concrete strength to be approximately 4,000 psi;
however, in the near future allowable strengths on the order of 10,000 psi
may be feasible with the development of concrete—polymer materials.8

Buoyancy considerations constrain the practical range of t/D,, ratios
for concrete spheres to between 0.06 and 0.12. Hence, at the present time,
3,000 feet in the ocean appears as the Jimiting operational depth for concrete
spheres; however, this depth will become greater as concrete technology
advances.

Another design constraint on underwater structures is the ratio of the
hul! weight to the weight of displaced seawater. (Positively buoyant structures
have a weight/displacement ratio of less than 1.} Figure 15 shows the relation-
ship between weight/displacement and t/D,, ratios for various densities of
concrete. The figure portrays the design flexibility inherent in using concrete
as a construction material for creating positively or negatively buoyant spheres.

The major advantage of utilizing concrete in pressure-resistant structures
is that very large installations, 50 feet in diameter and greater, could be built
economically. Spheres having a constant t/D,, ratio but an increase in outside
diameter have an exponential weight increase; hence, for large diameter spheres,
small changes in the weight/displacement ratio represent significant changes in
actual pounds of buoyancy. Therefore, a requirement of large facilities is to
have a weight/displacement ratio that is in the approximate range of 0.90 to
1.10; because outside this range the actual buoyancy, either positive or negative,
becomes excessive. Figures 16 and 17 show actual buoyancy values for various
t/D, ratios; note in Figure 16 that a sphere 50 feet in outside diameter with a
/D, ratio of 0.08 {or a 4.0-foot wall thickness) would have a positive buoyancy
of 400,000 pounds, but by increasing the t/D ratio to 0.09 (a 4.5-foot wall
thickness) the buoyancy would be reduced to 100,000 pounds.

Permanent facilities located on or under the ocean floor will eventually
represent a large portion of all underwater structures, although at present, no
such facilities exist which are not land connected. However, with the advent
of new generation submersibles capable of carrying high payloads, men and
equipment will be easily transferred to and from permanent structures. Con-
crete as a material will someday be as important for underwater construction
as it is on land today.

Applications for permanent facilities are numerous. Some examples
are concrete containment vessels for undersea nuclear reactors; facilities to
function as undersea garages for the repair of submarines; stations to monitor
all sea-going vessels; and enclosures to process minerals, pump oil, or farm sea
life.
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Figure 15. Weight/displacement values for concrete spheres of
various t/D ratios.
FINDINGS

1. A straight-line relationship between implosion pressure and wall-thickness-
to-outside-diameter ratio was established for a given concrete strength; the slope
ot the straight-line reiationship increased for increases in concrete strength.

2. Two modes of failure, in-plane cracking and implosion, existed for thick-
walled concrete spheres having a t/D,, ratio greater than 0.0625, while spheres
having a t/D,, ratio of 0.0625 appeared to experience implosion failure only.

3. A modified elastic theory expression, (Equation &) which accounted for
the strength of concrete under combined stresses was developed to predict
the pressure at initiation of in-plane cracking in concrete spheres.

4. A linear, empirical expression, {Equation 6) was developed to predict the
implosion pressures of small concrete spheres.
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CONCLUSIONS AND RECOMMENDATIONS

it appears that small concrete spheres subjected to short-term hydrostatic
loadiing implcde at oressures which are linearly related to the wall-thickness-to-
outside-diameter ratio in the range 0.0625 through 0.2500.

Caution must be exercised in applying the results presented on in-plane
cracking. The expression to predict this failure mode (Equation 5) was sub-
stantiated by only three sphere tests, whereas the implosion failure expression
(Equation 6) was supported by 27 tests. However, the presence of an in-plane
cracking failure mode prior to implosion was strongly evident from strain data,
and the development of the expression to predict the pressure at in-plane cracking
was rational. Hence, the authors recommend that tentative, generalized predic-
tions on the depth capability of concrete spheres in the ocean be based upon the
pressure at initiation of in-plane cracking, and that concrete be considered as a
construction material for underwater structures for use above the depth of
3,000 feet.
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Appendix

SPECIMEN FABRICATION AND TEST PROCEDURE

SPECIMEN DESCRIPTION
Dimensions

Test specimens were concrete spheres having a constant outside
diameter of 16 inches with inside diameters of 8, 10, 12 and 14 inches.
Dimensional tolerances on the diameters were held to within +1/32 inch.

Material

Type I, low heat of hydration, portiand cement and San Gabriel river
aggregate were the concrete con-tituents. Aggregate proportions are outlined
in Table 4. The water/cement ratio was 0.70 by weight, and the aggregate/
cement ratio was 3.30 by weight. Concrete control cylinders, 3 x 6 inches,
attained a uniaxial compressive strength of approximately 6,000 psi in a curing
period of 28 days. The curing conditions were 14 days at 100% RH and 739F
and 14 days at room conditions.

Table 4. Aggregate Proportions of Concrete

Passing Retained on Percent
Screen No. Screen No. Retained
4 8 29.6
8 16 20.8
16 30 47
30 50 10.3
50 100 7.3
100 pan 17.3
Total 100.0
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Figure 18. Mold for casting 8-inch-1D, 4-inch wall thickness concrete
hemispheres.

Casting

Concrete hemisphere sections were cast in a rigid aluminum mold.

Figure 18 shows the assembled mold ready for casting concrete, while Figure 19
shows the various interior molds for the construction of hemispheres with dif-
ferent wall thicknesses. The molds were prepared for castiny by initially spraying
the aluminum with clear enamel paint and then applying a coat of silicone grease. -

An external form vibrator was attached to the 'ir.derside of the mold
and was in operation throughout casting of the conc.ete. The concrete was
mixed in a pan-type mixer for a total of 3.0 minutes and then slowly placed
into the mold, usually within the next 4 minutes.

The day after casting, the hemisphere was removed from the mold and
the interior surface was usually pitted wit!, numerous small air pockets. These
voids were fully exposed by rubbing drwn the surface with steel wool, and
then the voids were filled with a cement paste consisting of Type 11! portiand
cement and pan-size aggregate in o ratio of 1:1 with only enough water to form
a workable mix.
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Figure 19. Interior molds for concrete hemispheres.

Fabrication

Spheres were fabricated by bonding together two hemisphere sections
with an epoxy adhesive. Each section had its annular mating surface ground
smooth by rotating the hemisphere on a sheet of plate glass which was covered
with water and no. 60 silica carbide grit. The mating surfaces were then cleaned
and etched with 10% hydrochloric acid solution to assure good bond between
the epoxy and concrete. The final thickness of the epoxy joint was 1/32 to
1/16 inch. All spheres were waterproofed by coating the exterior surface with
three applications of a waterproofing epoxy.

A schematic diagram of a fabricated concrete sphere is shown in Figure 20.
The sphere was attached to the head of the pressure vessel by a steel, through-
hull penetration focated at the apex of the top hemisphere and bonded to the
concrete with epoxy. A hole through the middle of the penetration provided
atmospheric pressure to the interior of the sphere.
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Figure 20. Schematic diagram of concrete sphere assembied for testing.

TEST PROCEDURE

The concrete spheres were tested to failure in an 18-inch-1D pressure
vessel having an operational capability of 20,000 psi. Freshwater was used
as the pressurizing medium. Hydrostatic pressure loading was applied at a
constant rate of 100 psi/min untit implosion occurred, and the implosion
pressure was recorded. !mplosion was signaled by a sharp noise and a rapid
decrease in hydrostatic pressure.

The fragments of the imploded spheres were removed from the pressure
vessels and inspected for in-plane cracking of the wall. Figures 21 through 24
show the relative size of the fragments of the test specimens.
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Figure 22. Some fragments of sphere 36, t/D, ratio 0.1250.
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Figure 24. Some fragments of sphere 38, t/D,, ratio 0.2500.
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LIST OF SYMBOLS

Outside diameter of sphere (in.}

Uniaxial compressive strength of concrete control
cylinder (psi)

Pressure inside sphere {psi)

Externatly applied hydrostatic pressure to cause
impiosion of sphere (psi)

Pressure outside sphere (psi}

Pressure at initiation of in-plane cracking (psi)
Radius of sphere under consideration {in.)
Iinside radius of sphere (in.)

Qutside radius of sphere (in.}

Stress in sphere wall thickness (psi)

Radial stress in sphere wall thickness {psi}

Radia! stress at inside surtace of sphere wall
thickness {psi)

Radial strese at outside surface of sphere wall
thickness {psit

Tangential stress 1n sphere wall *hickness (psi)

Tangeruial stress at inside surface of sphere wall
thickness (psi)

Tangzntial stress at ou® de surfa~e of sphere wall
thickness (psi)

Wall thickness of sphere (in.)

Density of concrete (Ib/ft3)
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BEHAVIOR OF 66-INCH CONCRETE SPHERES UNDER SHORT-
AND LONG-TERM HYDROSTATIC LOADING

Technical Report R-774
3.1610
by

H. H. Haynes and L. F. Kahn

ABSTRACT

Fourteen unreinforced concrete and mortar spheres, 66 inches in
outside diameter {OD) and 4.125 inches in wall thickness, were subjected to
simulated deep-ocean loading conditions. The average short-term implosion
pressure for wet-concrete spheres was 2,350 psi and for the dry-concrete
spheres was 2,810 psi; the average uniaxial compressive strength of the con-
crete was respectively 7,810 psi and 9,190 psi. From control cylinders, it
was found that the uniaxial compressive strength of wet concrete was 10%
weaker than that of dry concrete, The ratio of implosion pressure to com-
pressive strength, P, /f, was nearly equal for the wet- and dry-concrete
spheres at 0.301 and 0.306. The implosion pressures for the 66-inch-OD
concrete spheres could be predicted conservatively from an empirical equa-
tion developed from 16-inch-OD mortar spheres. The equation was not valid
for 66-inch-OD mortar spheres, which were found 30% weaker in implosion
strength than the 66-inch-OD concrete spheres.

Under long-term loading, the concrete spheres failed by static fatigue
where the relation between level of sustained pressure and time to implosion
was similar to that known for concrete under uniaxial loading. Wet-concrete
spheres under seawater pressure as high as 1,670 psi showed an average D'Arcy’s
permeability coefficient, K., of 0.13 x 10-'2 ft/sec; this K value was also
similar to that known for concrete under freshwater pressure as high as 400
psi. Design guides were developed to predict the short- and long-term implo-
sion pressures and permeability rates of concrete spheres.
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Copies available at the National Technical Information Service (NTIS),
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INTRODUCTION

The objective of this experimental program was to determine the
behavior of large model concrete spheres subjected to short- and long-term
hydrostatic loading conditions. The purpose for the study was to generate
data that would aid in developing design guides for utilizing concrete as a
construction material for undersea pressure-resistant structures.

The Naval Facilities Engineering Command (NAVFAC) sponsored
this research to advance the state of concrete technology related to undersea
structures. Portland cement concrete exhibits several qualities that make the
material highly desirable for ocean structures. Concrete is highly durable in
the seawater environment and is low in cost—both features are good advan-
tages for massive structures with long-term undersea missions. Also, compiex
structural shapes of double curvature, such as spheres, are fabricated rather
easily (even mass-produced) with use of concrete materials.

The Naval Civil Engineering Laboratory (NCEL) has been conducting
research on pressure-resistant concrete spheres and cylinders since 1965.1-%
All this research has been performed on specimens of 16-inch outside diameter
(OD) and 1-, 2-, 3-, and 4-inch wall thicknesses. These investigations tested
over 50 model spheres,* and the results showed that concrete was structurally
capable of being used as a deep-ocean construction material. The maximum
operational depth appeared to be 3,000 feet for a buoyant concrete spherical
structure,

EXPERIMENTAL PROGRAM

SCOPE

This experimental program consisted of hydrostatically testing 14
unreinforced concrete and mortar spheres, 66 inches in OD and 4.125 inches
in wall thickness (/D ** = 0.0625). Table 1 presents a summary of the

| * Over 25 model cylindrical structures have been tested.
** patio of wall thickness to outside diameter,




specimens. Eleven of the spheres were fabricated from a concrete with
3/4-inch-maximum-size aggregate and were subjected to short- or iong-term
loading with the concrete either dry or wet.* Three spheres were fabricated
of mortar (small-aggregate concrete) and were tested under short-term hydro-
static loading with the mortar dry.

Tabte 1. Specimen Summary

Sphere wall Conditio.n of Instrumentation
Designation? | Material Wall Prior Type of Test . .
to Test Strain Gages | Change-in-Volume
CDS-1 concrete dry short-term yes yes
CcDs-2 concrete dry short-term no yes
CWs-3 concrete wet short-term yes vs”
Cws4 concrete wet short-term no ves
CWL-5 concrete wet long-term yes yes
CWL-6 concrete wet long-term yes ves
CwL-7 concrete wet long-term yes yes
cwL-8 concrete wet long-term yes yes
CwWL9 concrete wet long-term yes yes
COL-10 concrete dry long-term yes yes
COL-11 concrete dry long-term yes yes
MDS-1 mortar dry short-term no yes
MOS-2 mortar dry short-term no yes
MDS-3 mortar dry i short-term yes yes

“ For example: CDS means Concrete Dry Short-term load; CWL meens Concrete Wet Long-term
load; MDS means Mortar Dry Short-term load.

b Specimen lesked, so change-in-volume measurements were not accurate.

The deformation behavior of some spheres was recorded by using
strain gages or by measuring the change in volume of the specimen. The rate
of seawater permeation through the concrete wall was obtained for certain
spheres under long-term loading. Implosion data for all specimens were
recorded and compared with the behavior of 16-inch-OD by 1-inch-wall-
thickness (D, = 0.0625) mortar spheres; Figure 1 gives a comparison of
size between the small and iarge models,

* In this report “'wet concrete’’ means hardened concrete that has been saturated with
seawater.




Figure 1. Comparison of size between spheres of 66-inch OD with 4.125-inch wall
thickness and 16-inch OD with 1.0-inch wall thickness.

FABRICATION OF SPECIMENS

Unreinforced hemispheres were cast of concrete or mortar by use of
a steel mold (Figure 2). The day after the concrete was poured, the mold was
disassembled to remove the hemisphere (Figure 3). To moist-cure the concrete,
the hemisphere was wrapped first in wet burlap and then in polyethylene film.,
Nine 6 x 12-inch control cylinders were cast with each concrete hemisphere;
six of the cylinders were cured inside the hemisphere enclosure, and three
cylinders were wrapped in wet burlap and polyethylene film and cured next
to the hemisphere enclosure. The latter cylinders were tested at an age of 7
days. Each hemisphere, with six corresponding cylinders, underwent 28 days’
moist-curing at ambient temperature inside an open building and an additional
28 days’ curing at room conditions. Subsequently, the hemispheres were
placed outdoors in an unshaded location.

The mortar hemispheres underwent a different curing procedure. The
hemispheres were wrapped in polyethylene film, without wet burlap surround-
ing the mortar, but with approximately 8 gallons of water ponded at the bottom
of the hemisphere enclosure; they were cured outside in an unshaded location
for the first 28 days, after which the polyethyliene was removed. Six 3 x 6-inch
control cylinders were cast with each mortar hemisphere and were cured inside
the hemisphere enclosure.




Figure 3. Hemisphere being removed from mold the day afier cast.




When the hemispheres were over 60 days old, such operations as
applying strain gages, epoxy-bonding end penetrators into place, or water-
proofing the interior surface were performed. Finally; to fabricate a sphere,
two hemispheres were bonded together with an epoxy adhesive (Figure 4).

e

Figure 4. Epoxy adhesive used to bond hemispheres together to form sphere.

Mix design information on the concrete and mortar is contained in
Appendix A. The concrete was manufactured at a local batch plant and
delivered via transit mix truck, whereas the mortar was batched and mixed
in-house. All the concrete hemispheres were X-rayed to ensure that poten-
tially deleterious inclusions were not present in the wall. Of 24 hemispheres,
two were rejected—the first because of an excessive number of small air
pockets in one general location and the second because of a few shrinkage
cracks concentrated around one location. Shrinkage cracks were rarely
observed in any of the other specimens. The mortar hemispheres were not
X-rayed.

A concrete hemisphere was measured to obtain accurate values of the
sphere dimensions and to determine out-of-roundness. Radius measurements
were made on the inside of the outer steel mold and on the inside of a concrete




hemisphere. As shown in Figure 5, the measuring device had an adjustable
arm to obtain inside and outside radius measurements to the nearest one-
thousandth of an inch with use of an Ames dial.

4
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Figure 5. Method and device used to obtain radius measurements.

Wall thickness values at 432 iocations were calculated as the difference
between interior and exterior radii. A statistical analysis of the data yielded the
average hemisphere dimensions given in Table 2. In summary, the mean outside
diameter was 65.886 inches and the mean wall thickness was 4.124 inches.

The out-of-roundness deviations are also presented in Table 2, where
the maximum variation of the radius is presented as a percentage of the mean
wall thickness. Krenzke and Kieman® employed this method to determine
local out-of-roundness. They found that a near-perfect sphere was one that
had a local variation in dimension of less than 3% of the wall thickness. The
maximum focal variation of the radius for the concrete sphere was on the
exterior surface and was smaller than the average radius by 5.94% of the wall
thickness.




Table 2. Hemisphere Dimensions and Qut-of-Roundness Variations

Mean Standard Deviation Maximum Local Variation
tem Di ; ion Measured Percent of { Measured Percent of
tin.} {in) Wall Thickness (in.) Wall Thickness
tnterior +0.145 +3.51
radius 28820 +0.093 226 0213 -5.16
Exterior +0.150 +3.64
redius 32943 10.083 12,01 —0.247 5.04
Wall +0.181 +4,26
thick ness 4,124 10,060 +1.45 —0.165 -390

TEST PROCEDURE

The concrete spheres were tested in NCEL's 72-inch-ID (inside
diameter) pressure vessel. Figure 6 shows a concrete sphere rigged for test-
ing being lowered into the vessel.

The interior of the sphere was vented directly to the atmosphere via
the top penetrator, thus ensuring that atmospheric pressure was always present
in the structure interior. Strain gage wires were led through the penetrator
and pressure vessel head to a data acquisition system,

Each sphere’s interior was filled with water. The purpose was
twofold: firstly, to reduce the shock forces created by implosion and,
secondly, to measure the change in volume of the sphere under load. By
measuring the volume of water displaced from the interior of the specimen,
as shown in Figure 7, data were obtained on the change in volume of the
structure uncer load.

The procedure for obtaining wet-concrete walls before testing was to
place an uncoated sphere on the bottom of the pressure vessel and allow the
seawater to fill the inside of the sphere, and then apply hydrostatic pressure.
The pressure was maintained usually for 7 days at 500 psi or until the pressure
became constant and showed no decrease, thus indicating that the air pockets
in the concrete were filled with water. The exterior and interior walls of dry-
concrete spheres were waterproofed with an epoxy or phenolic coating.

The hydrostatic load was applied to the specimens at a pressurization
rate of 100 psi/min. implosion of the concrete spheres was abrupt and loud.
Pressure dropoff was almost instantaneous as the seawater inside the vessel
forced its way through the top penetrator to the vessel exterior. The failed
specimens were removed from the vessel, and thz fragmented spheres were
inspected for failure location and unusual crack patterns.




Figure 6. Concrete sphere prepared for test in 72-inch-1D pressure vessel.
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Figure 7. Procedure for collecting displaced water from sphere interior.

RESULTS AND ANALYSIS

SHORT-TERM BEHAVIOR
implosion

implosion test results are presented in Table 3. The concrete
spheres exhibited considerably higher implosion pressures, P, than the
mortar spheres for similar uniaxial compressive strengths, f.; average values
of the nondimensional strength parameter, P, /f., were 0.306 and 0.301 for
dry- and wet-concrete spheres, respectively. The difference between dry- and
wet-concrete spheres was not found significant in terms of P, /f ratio; how-
ever, the uniaxial compressive strength of 6 x 12-inch control cylinders {(from
specimens CWS-3 through CWL-9, see Appendix B) was reduced an average of

10% by wetting the concrete. This reduction in strength caused the wet spheres




to implode at lower pressures, directly proportional to the strength decrease.
The average implosion pressures for the dry- and wet-concrete spheres were
2,810 and 2,350 psi for uniaxial concrete strengthé of 9,190 and 7,810 psi,
respectively.

Table 3. Implosion Test Resuits

Sphere Wall Con:fition l:‘r:::':n Uniaxial Compressive Pim/fe
Designation Material Wall Py (DSi )' Strength, f (psi il Ratio
CDS-1 concrete dry 2,860 9,250 0.309
CDs-2 concrete dry 2,755 9,120 0.302
Average 0.306

Cws-3 concrete wet 2,500 (97, 0'9 16(?)1, 0.314
cws4 concrete wet 2,205 (87 "26725 0.288
Average 0.301

MOS-1 mortar dry 1,960 8,830 0.222
MDS-2 mortar dry 1,730 8,010 0.216
MDS-3 mortar dry 1,780 9,150 0.195
Average 0211

4 Strengths were from control cylinders (six 8 x 12-inch cylinders for dry concrete, three
6 x 12-inch cylinders for wet concrete, and six 3 x 6-inch cylinders for the mortar) that
corresponded to the weakest hemisphere of the sphere.

b Dry-concrete strength from three 6 x 12-inch control cylinders.,

The mortar spheres had an average P;,,/f; ratio of 0.211, approximately
30% less than that of the concrete spheres.

The mechanical properties of the control cylinders are given in
Appendix B. In general, the concrete and mortar had a uniaxial compressive
strength of approximately 8,000 to 9,000 psi; the secant modulus at one-half
f. was an average of 4.12 x 108 psi for concrete and 3.45 x 10° psi for mortar.
The moduli of wet and dry concrete were found to be approximately the same.
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Results of controlied tests on 3 x 6-inch and 6 x 12-inch specimens
showed the effect of control cylinder size on the compressive strengths of
concrete and mortar to be insignificant, These results are presented in
Appendix C. Hence, the compressive strength, f_, used in this report was
not modified for changes in contro! cylinder size between 3 x 6-inch mortar
cylinders and 6 x 12-inch concrete cylinders.

A view of a typical imploded sphere under short-term loading is
shown in Figure 8; post-implosion views of the other specimens are shown
in Appendix D. The specimens failed because the sphere had ‘flat spots”
that produced higher than average stresses at those locations and eventually
caused the concrete wall to fail in compression—shear. The typical concrete
compression—shear failure occurred along one arc of the sphere and was
usually 2 to 4 feet in length. Figure 9 shows a mortar sphere fragment that
revealed the compression—shear angle. For most specimens, the shear angle
ranged from 30 to 40 degrees from a line tangent to the exterior surface of
the sphere.

After the failure shear plane was formed, the instantaneous release
of strain energy in the wall coupled with the implosion shock forces usuatly
caused the concrete to break in many places. These secondary cracks were
normal to the exterior surface. Figure 9 also shows the secondary cracks.

Figure 10 shows a secondary crack that crossed the equatorial joint.
Note that the joint is hardly discernible. 1t appeared the effect of the joint
on the structural behavior of the sphere was not significant and did not iower
the implosion pressure.

Deformation

Strain. Concrete spheres CDS-1 and CWS-3 were instrumented with
12 interior and 12 exterior gages, as shown in the layout of Figure 11. Average
interior and exterior strain behaviors for the dry-concrete sphere, CDS-1, are
plotted in Figures 12 and 13. Strain data from wet-concrete sphere CWS-3
were considered unreliable and are not presented. (Wet-concrete strain data
are given in the long-term behavior section.)

The strain gage layout for the mortar sphere, MDS-3, was quite
different from that for the concrete spheres. Tweive 60-degree rosettes
were placed uniformly on each interior and exterior surface (a total of 72
single gages). Figure 14 shows a portion of the gage layout. The average
interior and exterior behaviors of the mortar sphere are shown in Figures
15 and 16.

Classical elastic theory for thick-walled spheres predicted that the
interior strain should have been approximately 15% greater than the exterior
strain. Results from the dry-concrete and mortar spheres showed that the
interior strain was greater than the exterior strain by 18 and 13%, respectively,
when the specimens were near implosion,

11
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Figure 8. Sphere CDS-1 after implosion failure under short-term loading.
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Figure 10. Finger points to epoxy joint between hemispheres.
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Figure 11. Strain gage layout for spheres CDS-1 through CWL-6. Spheres CWL-7
through CDL-11 had gages placed in locations 1 through 6 only.
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Figure 14. Rosette layout on interior of bottom hemisphere of sphere MDS-3,
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Figure 15. Interior strain behavior of sphere MDS-3.

16

A study of the
individual gage behavior
of mortar sphere MDS-3
revealed that the location
of the compression—shear
failure of the concrete
occurred between a rosette
that recorded the highest
compressive strains and
another rosette that
recorded the highest tan-
gential shear strains. The
failure location on the
sphere in relation to the
rosettes is shown in
Figure 17. The rosette
recording high compressive
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strain (strain on the order of 4,300 uin./in. compared with the average strain
of 2,600 uin./in.) signified that the rosette was at or near the center of a flat
spot where curvature was decreasing; whereas the rosette recording high tan-
gential shear strain signified that the rosette was on the edge of the flat spot

where the curvature was increasing in one direction. Hence, the concrete
failure occurred within a flat spot locality.
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Figure 16. Exterior strain behavior of sphere MDS-3.

Change in Voiume. The spheres decreased in volume as the hydrostatic
pressure was increased. A direct measure of the change in interior volume was
obtained by collecting water displaced from the sphere interior. By assuming
that the sphere deformed uniformly under hydrostatic loading, the change-in-
volume measurements were directly related to interior strain values. For the
spheres, the accuracy of displaced-water measurements was +3.53 x 1074 ft3
{+£10 m!), which represented approximately +2 uin./in. of interior strain.
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Figure 17. Compression—shear failure location for sphere MDS-3 shown in relation to
rosettes recording highest tangential shear and highest compressive strains.

Figures 18 and 19 show the short-term change-in-volume behavior
of the concrete and mortar spheres. For the dry-concrete and mortar spheres
the maximum change in volume was fairly constant at approximately 1% of
the total interior volume. This indicated that the implosion failure of the
spheres was defined by a strain criterion based on out-of-roundness. The
out-of-roundness for the concrete and mortar spheres was the same because
the same mold was used to fabricate the hemispheres. The change-in-volume
behavior of only one wet-concrete sphere (CWS-4) was obtained, and this
sphere impioded at an ultimate change in volume 25% less than the dry-
concrete spheres,
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Figure 18. Change-in-volume behavior for wet- and dry-concrete spheres.

Change-in-volume measurements were converted into interior strain
values and then compared to strain gage averages for two specimens, CDS-1
and MDS-3 (Figures 20 and 21). Excellent agreement was found between
change-in-volume and average strain behavior; thus, the change-in-volume
behavior was used as a reliable indication of interior strain behavior on the
other specimens that were not with instrumented strain gages.

Comparison With 16-Inch-OD Spheres

Considerable research on 16-inch-OD mortar spheres has been
previously conducted at NCEL."# The 66-inch specimens were directly
scaled from one particular model size, 16-inch OD by 1-inch wall thickness;
the /D, ratio for both size specimens was 0.0625. Five 16-inch-OD spheres
were tested under short-term ioading conditions very similar to those for the
66-inch-OD specimens.
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Figure 19. Change-in-volume behavior for dry-mortar spheres.

Implosion. Table 4 compares the implosion results for the different
spheres. The 66-inch concrete spheres had an average P, /f. ratio 3% greater
than that of the 16-inch mortar spheres; whereas the 66-inch mortar spheres
had an average P, /f; ratio 28% less than that of the 16-inch mortar spheres.
An empirical equation was developed in earlier work to predict the implosion
pressures for 16-inch-OD spheres of various t/D,, ratios between 0.06 and 0.256
(Appendix E summarizes this development). The equation is

t .
P = [ s.oz(D—> - o.oaa] f ()




where P, = implosion pressure (psi)
t = wall thickness (in.)
D, = outside diameter (in.)

——
"
[}

. = ultimate uniaxial compressive strength from 3 x 6-inch
control cylinders {psi)
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Figure 20. Comparison of interior strains obtained from electrical resistance strain gages
and change-in-volume measurements for sphere CDS-1.

By use of Equation 1, predictions were made of the implosion
pressures for 66-inch-OD spheres. Figure 22 shows that for the 66-inch
concrete spheres the predictions were conservative to the same degree as
that for the 16-inch mortar spheres. However, for the 66-inch mortar
spheres, the predicted implosion pressures were considerably higher than
the actual implosion pressures.
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Figure 21. Comparison of interior strains obtained from electrical resistance strain
gages and change-in-volume measurements for sphere MDS-3.

Strain. The average strain behaviors for the different 16- and
66-inch-OD spheres are shown in Figure 23. To obtain the mean interior
strain behavior for the 66-inch-OD spheres of concrete and mortar, change-
in-volume and strain gage data were averaged together. Two 16-inch-OD
spheres compose the average for the smaller models. The ordinate of the
figure, ratio of external pressure to concrete compressive strength (P/f.), is
a nondimensional parameter that aids in comparing the different specimens
because the effect of a varying compressive strength between specimens has
been removed.
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Figure 22, Comparison of actual with predicted implosion pressure for short-term
loaded spheres by use of Equation 1,

Table 4, Comparison of Implosion Results

Sphere Size implosion Resuits
Outside wall Material No.. of Ratio of Implosion Star'\d?rd Implosion Ratio,
g . Specimens Pressure to Devistion
Diameter { Thickness | 66-in. spheres
{in.) (in.) Compressive {Coefficient 160in
: : Strength, P;m/fe | of Variation) -
0.008
16 1 mortar 5 0.294 (3.1%) -
0.011
66 4.125 concrete 4 0.303 (3.6%) 103
0.012
66 4125 mortar 3 0.211 (5.7%) 0.72

Note: t/Dg, ratio of wall thickness to outside diameter, was constant at 0.0825.
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Figure 23. Comparison of interior strains for dry-concrete and mortar 66- and 16-inch-OD
spheres.

The range of strain behavior between the various sizes of spheres
was substantial. The 66-inch-OD concrete spheres were noticeably stiffer
than the 16-inch-OD mortar spheres; the 66-inch mortar spheres showed the
lowest stiffness.

Of interest is a comparison of the ultimate strain between the large
concrete spheres and the smaller mortar spheres. The ultimate strain of the
66-inch spheres was approximately 3,400 uin./in., whereas that of the 16-inch
spheres was approximately 4,400 pin./in. This difference could represent the
effect of out-of-roundness. The 16-inch spheres were fabricated to a radius
tolerance of 3% of the wall thickness; the 66-inch spheres had a radius toler-
ance of 6% of the wall thickness. Perhaps if the larger spheres had had better
dimensional tolerances the spheres could have experienced higher ultimate
strains and consequently attained higher implosion pressures.
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Discussion. The large concrete spheres showed a higher P /f; ratio

and a stiffer strain response to pressure load than did the 16-inch mortar spheres.

It therefore appears safe to assume that Equation 1 is applicable for predicting
the implosion pressure for concrete spheres larger than 16 inches OD.

The “'weak”’ structural performance of the 66-inch mortar spheres
could be attributed to two causes: size effect and poor curing of the mortar
hemispheres,

Size effect is a phenomenon exhibited by certain materials that relates
to the apparent decrease in strength with corresponding increase in specimen
size. The most frequently used parameter to evaluate size effect is the volume
of material in the test specimen. For the spheres, the material volume ratio
between the 16- and 66-inch-OD sizes was 70.1. Past work on solid concrete
cylinders” and cubes® has shown a decrease in strength of 13 and 15%, respec-
tively, for a volume ratio of 70. However, size effect has been observed to
decrease for higher strength concretes. The past work used concretes of
3,000 to 7,000 psi, whereas the sphere studies used mortar having a strength
from 8,000 to 11,000 psi. Also, as shown in Appendix C, no size effect was
observed between 3 x 6- and 6 x 12-inch control cylinders fabricated of the
concrete and mortar used in this study. Therefore, it strongly appears that
the size effect between the 66- and 16-inch mortar spheres should have been
less than 13%. Furthermore, it should also be noted that there was no apparent
size effect between the 66-inch concrete spheres and 16-inch mortar spheres.

The curing condition for the 68-inch mortar hemispheres appears to
have been detrimental to the mechanical properties of the mortar. The large
mortar hemispheres were wrapped in polyethylene film (plastic sheet) with
water ponded on the bottom and were cured in an unshaded location. On
inspection of the hemispheres during curing, it was observed that the mortar
near the equator on the exterior surface appeared dry. In this region, the
polyethylene film was in direct contact with the concrete and prevented free
moisture from wetting the concrete surface. All other locations on the hemi-
sphere appeared wet; thus the mortar on the exterior surface next to the
equator might not have cured like the remainder of the hemisphere.

The differential shrinkage which occured between the dry exterior
and wet interior surfaces could have caused microcracks to form within the
hemisphere wall. This condition of differential shrinkage would have been
aggravated because of the large surtace-to-volume ratio of the hemisphere
and because large aggregate and steel reinforcement were not present to assist
in restraining shrinkage. Visible shrinkage cracks were not detected on the
exterior surface before testing; yet internal microcracks were probably present,

The strain behavior of the large mortar spheres, as shown in Figure 23,
revealed that microcrack development was more pronounced at earlier loads
than for the smaller spheres; the relationship of P, /f_ ratio versus strain for
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the larger spheres deviated from linearity at lower loads than those for the
smaller spheres. From these data, it appeared shrinkage microcracks were
present. ’

The authors believe that the principal cause of the low implosion
pressures and highly nonlinear strain behavior of the 66-inch mortar spheres
compared with that of the 16-inch spheres was the poor curing condition of
the larger specimens.

LONG-TERM BEHAVIOR

Seven spheres were tested under long-term hydrostatic loading to
determine the time to implosion, time—deformation behavior, difference
in long-term response between wet- and dry-concrete spheres, and concrete
permeability. Spheres CWL-5 through CWL-9 were not waterproofed, whereas
spheres CDL-10 and CDL-11 were coated with a waterproofing compound
(Phenoline 300 orange primer and top coat).

Five spheres (CWL-5, CWL-7, CWL-8, CWL-9, and CWL-10) were
pressurized to sustained loadings until the spheres impioded; two spheres
(CWL-6 and CDL-11) were pressurized to sustained loadings for periods of
1,000 and 500 hours, respectively, at which times the loadings were increased
at a rate of 100 psi/min until implosion occurred. Spheres CWL-5 and CWL-9
were subjected to two levels of sustained pressure—the first level designed to
secure deformation and permeability data at low pressure loads and the
second level to determine time to implosion. The tests at the first pressure
level were designated CWL-5A and CWL-9A; at the second level they were
CWL-5B and CWL-9B.

Time to Implosion

Table 5 summarizes the long-term implosion results. The pressure
levels were 20, 50, 80, 85, and 90% of the spheres’ predicted implosion pres-
sures (P, ). The average value of P,,/f. = 0.301 was used to predict the
implosion pressure for the wet-concrete spheres (CWL-5 through CWL-9),
and the average value of P, /f. = 0.306 was used for the dry-concrete sphere
(CDL-10 and CDL-11). The time-to-implosion data are shown in Figure 24
as the ratio of sustained pressure to predicted implosion pressure, P, /P,
versus time. Also presented are data by Rusch? on concrete under sustained
uniaxial compression and the results of sustained pressure tests on 16-inch-OD
x 1-inch-wall-thickness spheres.'® A straight line was fitted through Riisch’s
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data and another line through the 66-inch-OD sphere results;* both wet- and

dry-concrete sphere results were included. The equations of the lines for the
uniaxialiy loaded specimens and the 66-inch concrete spheres respectively are
as follows:

g
F" = 0.925 - 0.0356 log,, T (2)

[

PS
= 0.908 - 0.0360 log,, T (3)

Ppim

where o, = sustained uniaxial compressive stress (psi)
f. = uitimate uniaxial compressive strength (psi)

-
]

time to implosion (hr)

0
]

. = sustained hydrostatic pressure (psi)

predicted implosion pressure (psi)

b3
3
]

The slopes of the lines were essentially the same, which indicated that the
creep failure mechanisms of the concrete in the different tests were similar.
The probable cause for the difference between the lines was the higher-than-
average stresses at out-of-roundness locations on the sphere. Those areas of
high stress strained with time at a greater rate than did the areas of average
stress; hence the spheres wouid im.5iode eariier than would uniaxially loaded
cylinders, in which stress redistribution occurs. The small spheres that were
less out-of-round than the 66-inch-OD spheres failed (with one exception)
with good agreement to Rusch’s data.

The general agreement between results implied that the concrete
spheres under the unique loading condition of uniform hydrostatic pressure
behaved in a manner similar to the known behavior of concrete. The authors
tentatively recommend that Equation 3 be used to approximate the expected
life of concrete spherical structures and that the maximum applied pressure
should not be greater than 70% of the predicted implosion pressure.** At
70%, Equation 3 yields an expected life of 68 years.

* Results from spheres CWL-6 and CDL-11 were used in fitting the straight line by
assuming that the spheres imploded at 1,000 and 500 hours respectively. This was
a conservative assumption.

** present state of the art suggests that concrete under sustained uniaxial load should
not be subjected to over 70% of the ultimate concrete compressive strength."' 12,13
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Implosion Failure

Spheres under long-term loading failed in a manner similar to that of
those under short-term loading; a typical concrete compression—shear zone
was formed. Unlike spheres in the short-term tests, spheres that imploded
under sustained load did not fracture into many segments (Figure 25), and
in-plane cracks were considerably more evident in the failure zone (Figures
26 and 27).

Figure 25. Localized failure of sphere CWL-7 shows compression—shear zone that
circumscribes three-quarters of the hole.

Studies of the short-term behavior of 16-inch-OD spheres clearly
showed the formation of in-plane cracking in spheres with t/D,, ratios of
0.125 and greater.* These cracks were due to tensile radia! strains. The 16-
and 66-inch-OD spheres having a t/D, of 0.0625 and subjected to short-term
loading did not exhibit visible in-plane cracks.

1t appears that a combination of two factors caused in-plane cracking
in the 66-inch-OD sphere under long-term loadings. These factors are: (1)
concrete under biaxial and triaxial compression fails by forming cracks in




planes parallel to the maximum principal stresses, which for spheres under
hydrostatic loading is in the plane of the wall thickness; and (2) the stress at
the interior surface of the spheres was greater than at the exterior, thus creep
was greater at the interior than at the exterior. This difference in creep strain
rate between the interior and exterior produced an additional radial tensile
strain across the wall; this condition resuited in the development of tensile
cracks within the plane of the wall thickness.

-

Figure 26. Failure zone of sphere CWL-5, showing results of in-plane cracking.
Approximately 1 inch of the exterior surface is removed.

Effect of Sustained Loading on Implosion Pressure

Spheres CWL-6 and CDL-11 were pressurized to implosion after a
sustained pressure of 80 and 85% of P, did not result in a static fatigue
failure after 1,000 and 500 hours, respectively. The impiosion pressures,
after the sustained loads were resisted, for spheres CWL-6 and CDL-11, were
44 and 13% greater than the predicted pressure. The sustained load did not
adversely affect the implosion pressure of either wet- or dry-concrete sphere.
This general result agreed with results of experiments on concrete cylinders
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under uniaxial loads; these results demonstrated an approximate 4% strength
increase for both wet and dry specimens after 5 months of sustained load at
22% of the short-term strength.' :

Figure 27. in-plane cracks are evident around failure zone of sphere CWL-9 loaded to
85% Ppim.

The finding implied that the predicted implosion pressure will not be
lowered and may even be increased when spheres are loaded to sustained
pressures that do not cause static fatigue failure.

Deformation Under Long-Term Loading

Deformation of the spheres under long-term loading was monitored
with electrical resistance strain gages and change-in-volume measurements.
Spheres CWL-5 and CWL-6 had interior and exterior gages as shown in Fig-
ure 11; spheres CWL-7 through CDL-11 had only six interior gages, located
at positions 1 through 6 in Figure 11.
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Figure 28. Interior strain behavior for sphere CWL-5.

Strain During Increasing Loading. Figures 28 through 34 present
P/f. versus the average interior strain and change-in-volume strain for spheres
CWL-5 through CDL-11 as the pressure was increased at a rate of 100 psi/min.
For most of the specimens (CWL-6, CWL-8, CWL-9A, CWL-9B, CDL-10, and
CDL-11) the change-in-volume strains indicated the same deformation behavior
as the average interior strain gages.

Four spheres underwent two stages of pressurization—the first
pressurization stage to a sustained load held for 500 or 1,000 hours and the
second pressurization stage to a higher sustained load (spheres CWL-5 and
CWL-9) or to implosion (spheres CWL-6 and CDL-11). Figures 28, 29, 32,
and 34 show that each sphere became stiffer after the period of sustained
load. The stiffness increase was not caused solely by further hydration of
the cement, because both the wet-concrete spheres (CWL-5, CWL-6 and
CWL-9) and the dry-concrete sphere {CDL-11) showed similar stiffness
increases. This stiffness increase might have been a result of compaction
of the concrete because of creep.




Results of experiments on concrete cylinders under sustained
uniaxial load also showed that both wet and dry concrete exhibited an
increase in elastic modulus after periods of sustained load.'4
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0 1,000 2,000 3,000
Strain (uin./in.)

Figure 29. Strain behavior for sphere CWL-6.

Strain During Sustained Loading. The strain behavior of the spheres
under sustained loading has been summarized in Figures 35 and 36, in which
the average interior strain is shown as a function of log time. A series of
straight lines closely fit the strain-versus-log-time data. Strain response ver-
sus rectilinear time for individual sphere tests is given in Appendix F; these
figures show typical concrete creep behavior.
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The principal feature shown by Figures 35 and 36 is that the creep
strain of the dry-concrete spheres was considerably greater in magnitude and
in rate than that of the wet-concrete spheres under the same pressure. This
result agrees with the finding of 16-inch-OD mortar spheres under sustained
load equal to 50% of the predicted implosion pressure; the dry-mortar sphere
had a higher creep rate and total strain than a wet-mortar sphere.’® Also,
tests of concrete cylinders under uniaxial sustained loads equal to 50% of
their ultimate strength have shown that at 50% relative humidity the creep
strain is more than twice that at 100% relative humidity.'® Other investi-
gators have shown that, although the creep rate of dry concrete is initially
higher than that of wet concrete, the rates become approximately equal after
several years of sustained 10ad.'2 In general, results of the creep strain behav-
ior of the concrete spheres agreed with past research on the creep of concrete
under uniaxial sustained loads.

The maximum strain at failure varied considerably for the various
spheres. For the wet-concrete specimens that imploded after time under load,
the specimens subjected to 90% Ppim (spheres CWL-5B and CWL-7) had ulti-
mate strains lower than those at 85% P;.,. This finding agreed with results
by Sell'! that indicated that dry concrete showed lower ultimate strains
when subjected to higher sustained uniaxial loads.

Permeability

The permeability of the five wet-concrete spheres to seawater was
determined by measuring the quantity of water flowing out of the spheres
with time. (The spheres were filled with water at zero pressure loading so
water flowing out of the sphere at the top penetrator was collected and
measured.) The water outflow was plotted versus time with zero time begin-
ning when constant pressure was attained (Figures 37 through 40). Aithough
the outflow was a combined result of viscous deformation and concrete per-
meability, the outflow due to permeability was orders of magnitude greater
than that due to deformation when tests continued for over 100 hours.

Previous studies by the Bureau of Reclamation'® have shown that
concrete permeability can be formulated using D’'Arcy’s law for viscous fiow.
D’'Arcy’s permeability coefficient can be expressed as follows for the spheres:

Ko = ot (@)

where K, = permeability coefficient of concrete (ft/sec)

rate of permeability (quantity of seawater that permeated
into sphere interior per unit time) (ft3/sec)

q
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t = wall thickness (ft}
A = exterior surface area of sphere (ftZ)-
h = pressure head (ft)

The Bureau experiments'® showed that the permeability of concrete
decreased with time; however, the permeability coefficients were determined
by drawing straight-line tangents to curves of water outflow versus time.
Similarly, straight-line tangents were drawn for the concrete spheres on
Figures 37 through 40 in such a manner that the slope of the line best
approximated the general outflow-versus-time curve.
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Figure 37. Water outflow versus time for spheres CWL-58 and CWL-7 under
sustained pressure of 90% Ppim.
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Figure 38. Water outflow versus time for spheres CWL-8 and CWL-98 under
sustained pressure of 85% Poim,.

The experimental K values for the spheres are listed in Table 6.
Lower K_ values were found when the time at which K_ was determined
was greater (except for sphere CWL-BA).

The rate of outflow for sphere CWL-bA was nearly constant with
time; this behavior was different from that of the other specimens. The total
amount of outfiow was an order of magnitude greater than that for spheres
CWL-6 and CWL-9. The constant rate and larger outfiow indicated that
sphere CWL-5 had a small leak somewhere in the hull. {From experience,
we suspect that the leak was most probably at an epoxy—concrete interface.)

An average K. value of 0.13x 10°'2 ft/sec was determined for the
concrete in spheres CWL-6 and CWL-9A; both specimens were tested for
periods longer than 500 hours. This mean K _ value was compared with an
estimated K, value from previous work. One estimate was obtained by




extrapolating curves'® for concretes of various mixes similar to the concrete
mix used in this study; the approximated K, was 0.40 x 1072 ft/sec. Another
estimate was obtained by proportionately reducing the permeability of large-
aggregate concrete to the permeability of 3/4-inch-aggregate concrete;!? this
approximate K, value was also 0.40 x 10-'2 ft/sec. The similarity between
the two estimates is surprising, because the variation in K. for identical con-
cretes is often greater than an order of magnitude. Likewise, these estimated
K. values were only three times as great as the mean K value for this study.
Hence, the concrete in this study, which was subjected to pressure as high as
1,670 psi, showed permeability coefficients similar to those of concrete sub-
jected to pressure as high as 400 psi.
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Figure 39. Water outfiow versus time for spheres CWL-6 and CWL-8A under
sustained pressures of 80 and 50% Ppim, respectively.
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Figure 40. Water outflow versus time for sphere CWL-5A under sustained
pressure of 20% Ppim,.

‘Table 6. Permeability Coefficients

Ratio of Sustained Sustained ) DAers
Sphere No. Pmasuroi to Predicted Pressure, Duration | Time When K¢ Per@ihty
tmplosion Pressure, P, (psi) of Test (hr) | Calculated (hr) ~ Coefficient
Py/Ppim (%) s Kc (t/sec x 10-12)
CWL-5A 20 505 1,000 500.0 590
CwL-58 90 2278 3 1.8 13.50
CwWL-6 80 1,670 1,000 400.0 0.10
CwL-7 90 1942 1 0.5 10.00
CwLS8 85 1845 1" 7.0 1.38
CWLRA 50 1,120 500 400.0 0.16
CwL-98B 85 1.804 90 50.0 2.50

Note: Average K¢ value of concrete spheres was taken as 0.13 x 10-12 ft/sec. This was the result
of averaging spheres CWL-6 and CWL-DA, used because these spheres were under sustained
loading for 500 hours or more. Permesbility coefficient for sphere CWL-5A, also under
sustained loading for more than 500 hours, wes not included in the aversge because rate
of water outfiow, q, was typics! of a sphere with a iesk.
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The water outflow for spheres CWL-6 and CWL-9A was plotted
versus log time in Figure 41. There appeared to be a linear relation betwgen
water outflow and log time after 200 hours for both spheres. The equations
of the straight lines are

for sphere CWL-6,

A = 0.11410g(T - 99) + 0.184 (5)
and for sphere CWL-GA,
A = 0.12210g(T - 99) + 0.095 {6)
where A = water outflow equal to rate of outflow, q, times time, T (ft3)
T = time (hr)
0.6 ]
o sphere CWLOA, Py/Ppiy, = 0.50
o sphere CWL-6, Py/Ppiy, = 0.80
0.5
04 o~
v

/’* 7
equation 5 /

-~

Water Outflow (ft3)
o
w

N / equstion 6

(R

0

100 200 400 800 800 1,000
Time (hr)

Figure 41. Water outflow versus log time for spheres CWL-6 and CWL-9A under
sustained pressures of 80 and 60% Pp;m, respectively.
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Similar equations for water outflow were developed for the
straight-line tangents shown on Figure 39 for spheres CWL-6 and CWL-9A;
these relations are ’

for sphere CWL-6,

A 0.000364T + 0.244 (7

and for sphere CWL-9A,

A 0.000399T + 0.155 (8)
These rectilinear functions, Equations 7 and 8, are based on D'Arcy’s law of
viscous flow.

To compare the logarithmic and rectilinear relations, the total
outflow was computed for periods of 1 and 10 years; these quantities are
listed in Table 7. The predicted differences in outflow are significant,
particularly for the 10-year period.

Table 7. Predicted Seawater Permeation of Spheres CWL-6 and CWL-9A
After 1 and 10 Years

Total Water Permeation (ft3)
Sustained After 1 Year After 10 Years
Sphere Pressure,

P, (psi) . . , . . ,
Logarithmic D’Arcy Logarithmic D’Arcy
Relation Relation Relation Relation
CWL-6 1,670 0.63* 3.42¢ 0.754 32.08¢
CWL-9A 1,120 0.58% 3.644 0.70% 35.094

Note: Total interior volume of sphere is 58.02 ft3,

4 Equation 5,
% gquation 6.
€ Equation 7.
4 gquation 8.
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Additional data are being collected on water permeation of concrete
spheres from ocean tests that will continue for up to 10 years. The logarithmic
relation may prove the more accurate because it accounts for the decrease of
permeation with time. Yet, past experience has indicated that the D’Arcy
function has reliably estimated the permeability of concrete to freshwater.
Data from a mortar sphere submerged at 120 feet for one year are given in
Appendix G and support the D' Arcy approach. |t is hoped that the long-term
ocean tests on the spheres will help decide which approach is more accurate
in predicting long-term permeability of concrete to seawater,

A decrease in permeability with time may result from two factors.

1. in the presence of water, the cement undergoes further hydration,
which results in smaller pore sizes between cement gels. This decrease in
porosity causes a corresponding decrease in flow.18

2. As the seawater, which is high in mineral content—including
Ca(HCO,4), —begins permeating the concrete, the water may form a thin,
impervious shell of CaCO, on the interior surface where the pore pressure is
fow. Also, materials such as Mg(OH), and CaCOj are precipitated within the
pores of the concrete.' Both the formation of the CaCOj shell and the pre-
cipitation of minerals in the pores decrease the permeability.

If the porosity of the concrete continues to decrease because of
cement hydration and deposition of minerals, the logarithmic relations
(Equations 5 and 6) may be valid in predicting long-term flow. Butas
water flows through the concrete, it dissoives materials from the cement,
particularly Ca0;'® the reduction in CaO would tend to increase porosity
and, thus, offset the decreases. Therefore, at present the authors propose
that the D’Arcy flow relation, Equation 4, be used to predict the permeability
of concrete spheres; such a relation is conservative for design purposes.

FINDINGS

1. Under short-term loading, six concrete spheres, 66 inches in OD and
4,125 inches in wall thickness, showed an average ratio of implosion pressure
to concrete control cylinder strength (P, /f;) of 0.303. This ratio was 3%
greater than that for 16-inch-OD mortar spheres tested in previous investiga-
tions and was 30% greater than that for the 66-inch-OD mortar spheres. The
average implosion pressure for the wet-concrete spheres was 2,350 psi (f; =
7,810 psi) and for the dry-concrete spheres was 2,810 psi (f; = 9,185 psi).
The difference in implosion pressure was the result of differences in concrete




compressive strength. The uniaxial compressive strength of wet-concrete
control cylinders was 10% less than the compressive strength of companion
dry-concrete cylinders. '

2. The implosion equation, Equation 1, developed from previous tests on
16-inch-OD spheres conservatively predicted within 9% the implosion pressures
of 66-inch-OD concrete spheres.

3. Concrete spheres under high levels of sustained hydrostatic loading failed
by static fatigue, and the curve of time to implosion versus level of sustained
load for the spheres was approximately 2% lower than the known behavior
of concrete tested under uniaxial loading.

4. Atequivalent P /f_ ratios, the creep strain of dry-concrete spheres under
long-term loading was greater in rate and in magnitude than that of wet-
concrete spheres.

5. D’'Arcy’s permeability coefficient (K.) was found to be an average 0.13
x 10712 ft/sec for concrete spheres under hydrostatic head as high as 3,760
ft; this K, value was similar to known values for concrete under a pressure
head lower than 900 feet.

6. Spheres subjected to sustained loads that did not cause static fatigue
failure showed an increase in implosion pressure over that predicted from
the short-term tests.

CONCLUSIONS

1. The response of 66-inch-OD concrete spheres to short-term hydrostatic
loading has shown that the previous test data on 16-inch-OD mortar models
are accurate to within 9% in predicting the behavior of larger scale specimens
and may be used to aid in establishing design criteria.

2. In both the short- and long-term tests it was found that allowing the
concrete 1o become saturated with seawater iowered the strength of the con-
crete but otherwise did not adversely affect the behavior of the structure
compared with that of dry-concrete spheres.

3. The test results on permeability and creep deformation of spheres under
sustained loading have shown that the behavior of the concrete was similar
to the known behavior of uniaxially loaded concrete specimens.

4. The authors do not hesitate to recommend that concrete structures be
used to depths of 1,000 feet. it is anticipated that with additional knowledge
from on-going tests buoyant concrete spheres can be used to 3,000 feet.
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5. This study, together with the earlier studies on concrete spheres, has
clearly shown that concrete is an applicabie material for the construction

of undersea structures. With this developed knowledge of the behavior of
concrete spheres and by applying present-day concrete technology, spherical
concrete hulls can be safely designed and employed for undersea applications.

DESIGN GUIDES
DESIGN RECOMMENDATIONS

1. It is recommended that Equation 1 be used to predict the short-term
implosion pressure of concrete spheres:

Pen = [5.02<Di> - o.oss]f; (1

where P, = implosion pressure (psi)
t = wall thickness (in.)
D, = outside diameter (in.)
f. = ultimate uniaxial concrete compressive strength (psi)

The concrete strength, f;, should be determined from wet-concrete control
cylinders if the structure will not be completely waterproofed.

2. For concrete spheres under sustained pressure loads, Equation 3 may be
used to estimate the time to implosion for the sphere:

P/Pyim = 0.908 - 0.03601l0g,, T P,/P,, < 0.70 (3)
or logo T = 26.2 - 27.8 P :
pim
where P, = sustained hydrostatic pressure (psi)
Poim = Predicted implosion pressure (same as P, in Equation 1)
{psi)
T = time to implosion (hr)
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3. The permeation of seawater through the concrete wall of the spheres under
hydrostatic loading may be conservatively predicted by use of D'Arcy’s law
for viscous flow: ‘
Ah
a = K, T (4)

rate of permeability (quantity of seawater that permeated into
sphere interior per unit time) (ft3/sec)

where q

K. = coefficient of permeability (ft/sec)

[+]

exterior surface area of sphere (ft2)

> >
1

= pressure head (ft)

t = wall thickness {ft)

The K, for the particular concrete to be used may be determined from past
references on concrete permeability, such as Reference 16. The value of K,
found for the concrete used in this study was 0.13 x 10-12 ft/sec.

EXAMPLE DESIGN PROBLEM

Given data are a spherical hull with a 50-foot ID, a net buoyancy of
250 tons, and an operational depth of 1,000 feet. A safety factor of three
is assumed on the hull, Determine the wall thickness, estimated life of the
structure, and rate of water permeation into the structure,

Wall Thickness

Design the wall thickness based on buoyancy requirement and then
check the implosion depth for the hull.

(a) Displacement of hull = (64 Ib/ft3) (n/6) (D3) = 33.51 D3

(150 Ib/$3) (w/6) [D3 - (50 1)3]
78.54D3 - 9,817,500

(b) Weight of hull

(c) Displacement - weight = buoyancy = (250 tons) (2,000 Ib/ton)
500,000 Ib
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Substitute (a) and (b) into (c),
(d) 3351D3 - 78.54D3 - 9,817,500 = 500,000
D, = 59.15 ft
(e) Wall thickness, t = (D, - D,/2 = (59.16 - 50.00)/2 = 457 ft

Determine implosion pressure from Equation 1, using f. = 8,000 psi

(f) Implosion pressure, P,,, = [5.02(4.57/59.15) - 0.038] 8,000

2,800 psi

{(g) Implosion depth = (2,800 psi} (2.25 ft/psi) = 6,300 ft

(h) Safety factor = implosion depth/operational depth
6,300/1,000 = 6.3

Assumed safety factor of 3.0 is less than 6.3.

Uset = 457 ft

Life of Structure
Substitute into Equation 3 using P, of 445 psi and P,,;., of 2,800 psi.
(i) log,, T = 25.2 - 27.8(445/2,800) = 20.8
() T=63x1020hr or 7.2x10'" yr

Time to implosion is not a critical factor.

Water Permeation

Substitute into Equation 4 using K, = 0.13 x 1072 ft/sec.

(k) Rate of permeability, @ = [(0.13 x 10°'2 ft/sec) () (69.15 ft)?

(1,000 ft)}/4.57 ft
3.13x 1077 ft3/sec or 8.85 ft3/yr
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Appendix A

CONCRETE AND MORTAR MIX DESIGNS

The concrete and mortar mix designs are given in Tables A-1 and A-2.

The concrete was transit-mixed with final determination of water
content based on workability. The slump was 1-1/2 £ 3/4 inches. The
cement factor was 733 Ib/yd3 (7.8 bags/yd3), and the unit weight of the
concrete was 145 1b/ftS.

The mortar was mixed in the laboratory, and the same absolute
quantities of constituents were used for each batch. Siump values ranged
from 1 to 3-1/2 inches. The cement factor was 825 Ib/yd? (8.8 bags/yd3),
and the unit weight of the mortar was 140 Ib/ft3.

Table A-1. Concrete Mix Design

Portland cement, type |, low-alkali

Santa Ciara River aggregate

Water/cement ratio = 0.41

Sand/cement ratio = 1.85

Coarse-aggregate/cement ratio = 2.28
Water-reducing admixture—2 oz/sack of Plastiment

Aggregate Gradation
Material Sieve Size Percentage Retained
Designation Individual Cumulative

Sand 3/8-inch 0 0
no. 4 2 2

no. 8 1" 13

no. 16 17 30

no. 30 28 58

no. 50 28 86

no. 100 1 97

pan 3 100

Coarse aggregate 3/4-inch 0 0
3/8-inch 70 70

no. 4 30 100
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Table A-2. Mortar Mix Design

Portland cement, type t11, high early étreng-th
San Gabriel River Wash aggregate
Water/cement ratio = 0.55

A Sand/cement ratio = 3.30
Aggregate Gradation
Material Sieve Size Percentage Retained
Designation Individual Cumulative
Sand no. 4 0 0
no. 8 29.6 29.6
no. 16 20.8 50.4
no. 30 14.7 65.1
no. 50 10.3 75.4
!
: no. 100 7.3 82.7
pan 17.3 100.0
¢
1
4 50




MECHANICAL PROPERTIES OF CONCRETE AND
MORTAR CONTROL CYLINDERS

Appendix B

Table B-1. Control Cylinder Data

Compre:.si:e ‘S)trengih ' Secant Modulus at Age at
Hemisphere c sl One-Half f, Poisson’s Test
No. Dry Wet of D:y ?:r:c(;gt)e Eg Ratio (days!
Concrete Concrete ps
CDS-1a 9,250 - 4,63 024 169
CDS-1b 9,430 - 421 0.24 162
CODS-2a 9,120 - 4.31 0.24 121
CDSs-2b 9,190 - 469 0.24 119
CDS-3a 9,010 7960 - - 210
CDS-3b 9,000 8,450 - - 203
CDS-4a 8,270 7,660 4.00 - 195
CDS-4b 9,570 7840 4.30 - 17
CWL-5a 8,130 7900 3.83 0.16 259
CWL-5b 8,840 8,580 427 0.22 250
CWl-6a 8,110 6,740 394 0.20 331
CWL-6b 9230 7.330 4,06 0.18 317
CWL-7a 7.640 7170 390° 0.14 351
CWL-7b 8,790 8.060 3967 0.17 344
CWL(-8a 9,300 7820 3.81 0.20 366
CWiL-8b 8.470 7210 3.72 0.15 361
CWL-8a 8,220 7.770 411 0.25 429
CWL8b 8,230 7,440 3.81 o1 427
CDL-10a 9950 - 395 0.18 107
CDL-10b 9,420 - 4,00 0.22 105
CDL-11a 7940 - 3.85 0.18 526
CDL-11b 8,320 - 3.86 0.20 512
MDS-1a 8,830 - 3.80 0.19 127
MDS-1b 10,480 - 3.43 020 105
MDS-2a 8,770 - 3.0 0.13 122
MDS-2b 8,010 - 3.63 0.19 129
MDS-3a 9,150 - 3.70 022 146
MDS-3b 9,750 - 3.10 0.14 140

2 When an extensometer was used, CWL-7a had a dry-concrete E; of 3.55 psi and 8
wet-concrete E, of 3,37 psi; CWL-7b had a dry-concrete E, of 3.58 psi and wet-
concrete E, of 3.68 psi.
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Appendix C

EFFECT OF CONTROL CYLINDER SIZE ON
COMPRESSIVE STRENGTH

Tests were performed on 3 x 6- and 6 x 12-inch control cylinders
to determine the effect of specimen size on the compressive strength. Six
specimens of mortar and six of concrete were cast in 3 x 6- and 6 x 12-inch
cylinders. The specimens were moist-cured for the first 28 days. The mor-
tar specimens were wrapped in wet burlap and then in polyethyiene film.
The concrete specimens were placed in a2 100% relative humidity water-mist
enclosure located outdoors. The remainder of the curing period was at room
conditions. At age 90 days the specimens were tested under uniaxial com-
pression.

Table C-1 summarizes the results. The larger specimens showed a
slight decrease in strength as compared with the smaller specimens for both

“the concrete and mortar; however, the decrease in strength was not statisti-

cally significant. It was concluded that for the high-strength concrete and
mortar used in this study, the compressive strength, f;, was unaffected by
the size of the control cylinder specimens (either 3 x 6 or 6 x 12 inches).

The stress—strain behavior for the specimens is shown in Figures C-1
and C-2. The behavior for large and small cylinders was essentially the same;

again, any differences were not statistically significant.

Table C-1. Effect of Specimen Size on Control Cylinder Strength

Size of Uniaxial .
. Standard Difference . Secant Modulus at
Material | CONWO! | Compressive | 1y rion | in Strengtnd | STtistically | "o iarf 12, B
Cylinder | Strength (osi) (%) Significant® tpsi x 106)
(in.) (psi) ps ps
3x6 9470 280 3.72
Mortar 6x 12 9.280 240 1.90 no 398
3x6 8,840 380 402
Conerete | gx12 | 8790 340 057 no 418

4 Average of six specimens,

fc)axe - (fedex12
- x
{felaxe

€ 't test at 95% level with 10 degrees of freedom.
d

b percent ditterence = 100.

Average of three specimens.
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Figure C-1. Stress—strain behavior of 3 x 6- and 6 x 12-inch concrete control cylinders.
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Figure C-2. Stress—strain behavior of 3 x 6- and 6 x 12-inch mortar control cylinders.




Appendix D

POST-IMPLOSION VIEWS OF CONCRETE AND MORTAR SPHERES

Figures D-1 through D-13 show all the concrete and mortar spheres,
except CWL-8, after implosion. The reader is reminded that the spheres were
filled with water during the test. This procedure saved the specimens from
being completely fragmented by the violent shock forces associated with
implosion, and thus enabled an inspection of the failure zone.
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Figure D-1. Post-implosion view of sphere CDS-1.




Figure D-2. Post-implosion view of sphere CDS-2.
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Figure D-3. Post-implosion view of sphere CWS-3.
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Figure D-4. Post-implosion view of sphere CWS-4. The epoxy-joint failure occurred
after the compression—shear failure.

Figure D-5. Post-implosion view of sphere MDS-1.




Figure D-6. Post-implosion view of sphere MDS-2,
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Figure D-8. Post-implosion view of sphere CWL-5. Note MgCROH seeping from cracks.
This material apparently precipitated from seawater during a 3-day interval
between implosion of sphere and removal of sphere from pressure vessel,
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Figure D-10. Post-implosion view of sphere CWL-7.
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Figure D-12. Post-implosion view of sphere CDL-10.
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Appendix E

DEVELOPMENT OF IMPLOSION EQUATION FOR
16-INCH-OD MORTAR SPHERES

Seventeen 16-inch-OD mortar spheres were tested under short-term
hydrostatic loading at a pressurization rate of 100 psi/min. These specimens
had ratios of wall thickness to outside diameter (t/D,) of 0.0625, 0.1250,
0.1875, or 0.2500, which corresponded to wall thicknesses of 1, 2, 3, and
4 inches,

Table E-1 gives the implosion results for the specimens, and Figure
E-1 shows that the relationship between P, /f. and /D, was a straight-line
function. A least-squares analysis gave the following empirical equation as
the best-fit curve:

t
P, = 5.02(0—

) - 0.038 | f; (E-1)
[}

Equation E-1 differs slightly from a similar equation presented in previous
reports; Equation E-1 is more accurate because of further data evaluation.*
From additional research, it was found to be more accurate 10 use the f;
value of the weaker hemisphere in the P,,/f. ratio; hence, this is the major
improvement incorporated into Equation E-1.

Table E-1. Implosion Results for 16-inch-OD Mortar Spheres

Ratio of Wall
Thickness to Implosion Pressure, | Compressive Strength, ,
i/ §
Sehere No. 1 . iside Diameter, Pien (Dsi) 12 (osi)? Pim/fc
t/Dg

18 0.0625 3.375 11,480 0.294
19 3.450 11220 0.307
20 3,420 11,510 0.297
21 3,240 11,190 0.290
35 1.710 6,090 0.281
Average (0.294
continued

* Data incorporated in the development of the earlier impiosion equation, P, = 4.8(t/D,),
included specimens with large steel penetrations, specimens tested under a pressurization
rate of 1,000 psi/min, and values of f; that were the average compressive strength of the
two hemispheres composing the sphere,
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Table E-1. Continued

Ratio of Wall :
Thickness to implosion Pressure, | Compressive Strength,
. . Pim/te
Sphere No. | 1 tside Dismeter. Pim (psi) fz (psi)® im/fé
/D,

23 0.1250 8,720 11,050 0.517
24 6,330 11,040 0.573
25 6,590 10,760 0.612
36 3,375 5,750 0.587

Average 0.572
27 0.1875 8250 10370 0.892
28 9,170 10,370 0.884
29 9,500 11,520 0.825
37 5280 5990 0.882

Average 0.871
31 0.2500 13900 10910 1.270
32 13570 10900 1.245
33 13,550 10,790 1.255
38 7.370 6,080 1.212

Average 1,246

4 Compressive strength of weakest hemisphere based on uniaxial tests on 3 x 6-inch control

cylinders.
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Appendix F

LONG-TERM STRAIN RESPONSE OF CONCRETE SPHERES
SUBJECTED TO SUSTAINED LOAD

Figures F-1 through F-9 present the long-term strain response of
spheres CWL-5 through CDL-11 under sustained loading. Except for Fig-
ure F-1, the data from individual strain gages have been given; in most cases,
the average strain behavior is also shown,

-
L-\-p'—‘-'b‘-’--‘ ~h-\
-~
__-4—--4; P.‘\

-
Vaakd - ‘—.‘\ Ve

r‘“ o
-/“-J —-—" N 24

Strain (uin./in.)

—————— Average interior strain
—— == = Average exterior strain

: .

4] 100 200 300 400 500 600 700 800 900 1,000
Time (hr)

Pg/Ppim = 0.20

Figure F-1. Sphere CWL-5A under sustained pressure of 20% Pp;,.
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Figure F-3. Sphere CWL-6 under sustained pressure of 80% Pp;m.
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Figure F-4. Sphere CWL-7 under sustained pressure of 90% Ppim.
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Figure F-6. Sphere CWL-9A under sustained pressure of 50% Pp;pm,-
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Figure F-7. Sphere CWL-9B under sustained bressure of 85% Ppim.
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Figure F-8. Sphere CDL-10 under sustained pressure of 85% Ppim-
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Figure F-9. Sphere CDL-11 under sustained pressure of 85% Poim-
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Appendix G

MISCELLANEOUS TESTS ON 66-INCH-OD MORTAR SPHERES

Exploratory tests were performed on three mortar spheres, 66 inches
in OD and 4.125 inches in wall thickness. These spheres were constructed in
the same manner as the mortar spheres described in the main body of the
report. The first spheres, MDS-X1, was a trial specimen; the second, MDL-X2,
was used in ocean tests to study the hydrodynamic characteristics of a sphere
and to determine the durability and permeability of a mortar sphere located
on the seafloor; and the third, MDL-X3, was constructed with a mechanical
lock joint at its equator to investigate the influence of a stiff joint on the
sphere under sustained loading.

TRIAL SPHERE TEST

The trial sphere, MDS-X1, was the first 66-inch-OD sphere fabricated
and tested under hydrostatic load. The major reason that the results are pre-
sented herein is that the specimen was fabricated from two hemispheres that
did not meet high quality-control standards; yet the implosion pressure was
equivalent to that of the good specimens.

The bottom hemisphere of the sphere was the first of all hemispheres
cast. Procedural difficulties were encountered during the casting operation,
and it required over an hour to complete the operation. Also, during removal
of the forms, an unusually !arge chip of concrete broke away from the edge
of the hemisphere (as shown in Figure G-1).

The top hemisphere did not meet high standards because during a
handling maneuver in which the hemisphere was being turned over a steel
pad-eye broke and ihe hemisphere fell to the concrete pavement. The dis-
tance of the fall was approximately 2 feet and the point of impact of the
hemisphere was approximately 20 degrees down from the equator. No
visible damage was observed other than a large chip of concrete from the
equator {as shown in Figure G-2).

The chipped equators were repaired for both hemispheres and later
the two hemispheres were bonded together to form a sphere. This sphere was
the first specimen tested in the 72-inch-1D pressure vessel; the test procedure
was similar to that for the other spheres except that change-in-volume mea-
surements were not taken.
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Figure G-2. Top hemisphere of trial sphere MDS-X1.
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The implosion pressure, P;,,,, for the trial sphere was 1,820 psi and
the uniaxial concrete strength, f., was 8,910 psi. These results yielded a
P./f. ratio of 0.204. This value is within the standard deviation of the test
results from the other better quality mortar spheres whose average P, /f.

was 0.211 £ 0.012.

m’ ¢

Figure G-3. Post-implosion view of trial sphere MDS-X1 showing compression—shear
failure zone.

Figure G-3 shows the compression—shear zone of the failed specimen.
The failure zone ran parallel to the equator for a length of 64 inches and the
average angle for the sheared concrete surface was 36 degrees to a line tangent
to the exterior surface.

In summary, the trial sphere appeared to behave similar to the better
quality mortar spheres although the trial sphere was fabricated from damaged
hemispheres.
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OCEAN DYNAMIC AND PERMEABILITY TESTS

Sphere MDL-X2 had been used in various ocean tests. The main
objective of the first ocean test was to study the dynamic characteristics of
a large object of various weights sliding up and down a taut wire. The con-
crete sphere was used as the test object. The sphere was made negatively
buoyant by 800 and 2,400 pounds by hanging steel plates from a framework
surrounding the sphere {Figure G-4).

Figure G-4. Sphere MDL-X2 undergoing ocean dynamic test.

The hydrostatic loading conditions which the sphere experienced
were one cycle to 800 feet, where the sphere remained at depth for approxi-
mately 30 minutes, and eight additional short-duration cycles to 800 feet.
The sphere did not appear to be harmed by the tests.

The second ocean test was the emplacement of this sphere on the
seafloor off Pitas Point, Calif., at a 120-foot depth to study the durability
and permeability of the mortar to the seawater environment. Navy divers
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inspected the sphere an average of once every 2 months to report the degree
of fouling on the concrete and whether or not the sphere was still positively
buoyant, -

The sphere was able to float within the framework as shown in
Figure G-4, and a diver could determine whether the sphere was buoyant
or not by inserting his hand between the sphere and the cradle. To become
negatively buoyant the sphere would have had to take on approximately 23
cubic feet of water; the equivalent of 40% of the interior volume.

After 12 months’ submergence at 120 feet, the sphere was retrieved
from the ocean (Figure G-5). Little fouling and few barnacies were present
on the concrete. No evidence of rock-boring mollusks was observed.

Figure G-5. Sphere MDL-X2 being retrieved from 120-foot depth after 12 months
continuous submergence.

The quantity of water that permeated the concrete to the interior
was a total of 0.60 ft3; D’'Arcy’s permeability constant, K. . was calculated
as 0.58 x 10772 ft/sec. This value was within the same order of magnitude
as the K_ value for the concrete spheres. The salt content of the water on
the interior was typical of that of the seawater in the Pitas Point area.
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SPHERE WITH A MECHANICAL EQUATORIAL JOINT

Sphere MDL-X3 was constructed with a steel mechanical lock joint
at the equator between the two hemispheres.2® Such a mechanical joint
permitted the sphere to be opened and closed repeatedly, so that the cap-
sule could have been used for a variety of oceanographic applications. The
objective of the hydrostatic test was to determine if the stiff steel joint
affected the strength of the sphere under sustained loading conditions in a
manner similar to that in previous research with 16-inch-OD mortar spheres.

The joint was made of two 1/2-inch-thick steel rings epoxy-bonded
to each hemisphere; steel dowel pins set into the concrete aided in the attach-
ment (Figure G-6). The hemispheres were joined by bolting the steel rings
together (Figure G-7); an O-ring between the rings sealed the joint.

The sphere was tested under a sustained pressure of 83% Py, (P,
calculated for an unjointed sphere) and had a time to implosion of 4 hours.
The concrete compressive strength was 7,720 psi, and the sustained pressure
was 1,630 psi.

20

Figure G-6. View of mechanical joint ring with anchor pins epoxy-bonded into drilled
holes in the hemisphere.
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Figure G-7. Sphere MDL-X3 being lowered into pressure vessel for hydrostatic test.
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A comparison of results from tests of sphere MDL-X3 with those of
the concrete spheres, presented in Figure 24, showed that sphere MDL-X3
failed in less time than did the concrete spheres. The concrete spheres had
a range of time to implosion from 4 to 500 hours with the log-time average
at approximately 100 hours.

The inclusion of a stiff steel joint at the equator did reduce the
long-term strength of the 66-inch mortar spheres, but not severely. A
quantitative decrease in strength cannot be defined from this single test.
Previous work on 16-inch-OD mortar spheres2? showed that stiff equa-
torial joint rings reduced the short-term implosion pressure as much as
27%.
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INTRODUCTION

Numerous experimental studies have been
performed at the Civil Engineering Laboratory
(CEL)? on the behavior of concrete structures under
hydrostatic loading {1-11].% These studies have
shown that concrete is well suited as a construction
matenal for pressure-resistant structures to depths of
3,000 feet. The empirical data were obtained from
test specimens subjected to relatively short-term
loading conditions where the longest loading-period
for any specimen was 42 days. This series of ocean
tests was conducted to supplement the earlier
rescarch by providing data on concrete structures
subjected to in-situ deep-ocean conditions for periods
of up to 10 years.

The objectives of the test program were to
obtain design information on time-dependent failure,
permeability, and durability of the concrete spheres.
Data on time-dependent failure will permit a rational
factor of safety to be applied to pressure-resistant
structures; data on seawater permeability of concrete
will allow predictions of the quantity of water to be
expected to penetrate to the structure’s interior; and
data on the durability of plain and steel reinforced
concrete will determine such factors as strength
changes with time, chemical composition changes of
the concrete, and steel corrosion problems.

TEST DESCRIPTION

Eighteen, 66-inch-OD concrete spheres were
placed in the ocean at depths ranging from 1,840 to
5,075 feet (Table 1). This depth range corresponds to
a sustained pressure-to-short-term implosion pressure

ratio, P /P;..° of 0.36 to 0.83. It was anticipated
that the spheres subjected to a P,/P; ratio of 0.70 or
greater would implode with time [8]; therefore, the
six spheres at greatest depths were equipped with
clocks that would count days in periods up to three
years. If a sphere imploded, the clock would record
the day of failure.

Permeability data will be gathered using the
following method: the spheres are buoyant by
approximately 1,000 pounds and are tethered 32 feet
off the seafloor by a 2-1/4-inch-diameter chain. As
seawater permeates the concrete, the weight of the
sphere will increase. The reduced buoyancy of the
sphere means less chain can be suspended off the sea-
floor, so the sphere moves closer to the seafloor. A
change in height of one chain link (2-1/4-inch chain)
corresponds to 0.5 cu ft of seawater which has
permeated to the hull interior.

The permeability rate of seawater through
waterproofed and nonwaterproofed concrete will be
determined. Eight spheres were coated on the
exterior with a two-part phenolic coating; another
eight spheres remained uncoated. All sixteen of these
permeability specimens were of unreinforced
concrete. The remaining two spheres were reinforced
with conventional steel bars of 0.5-inch diameter. The
reinforcement was covered with 1 or 2.5 inches of
concrete. Also, one-half of the exterior of each sphere
was coated with the phenolic compound while the
other half remained uncoated.

The durability of the concrete will be studied by
determining the changes in strength and chemical
composition with time. The concrete compressive
strengths will be obtained from core specimens drilied
from 14 x 18 x 18-inch blocks. Blocks are located
with the spheres in the deep ocean and on land,

4 Formerly the Naval Civil Engincering Laboratory; now a detachment of the Naval Construction

Battalion Center, Port Hueneme, Califormnia,
Numbers in brackets indicate references.

c . .
The short-term implosion pressure, P,

P;m = (5.02vDy) - 0.038) f,

is calculated by the following empirical equation [8] :




Table 1. Test Description

Sphere Depth a Concrete .
No. (fr) P /P Water- Comments
proofed

1 5,075 0.83 Yes clock inside sphere
2 4,875 0.80 Yes clock inside sphere
3 4,330 0.72 Yes clock inside sphere
4 4,185 0.81 No clock inside sphere
5 4,100 0.78 No clock inside sphere
6 3,875 0.70 No clock inside sphere
7 3,725 0.58 Yes
8 3,665 0.60 Yes
9 3,295 0.62 No

10 3,190 0.56 No

11 3.140 0.50 Yes

12 2,790 0.55 No

13 2,635 0.41 Yes

14 2,440 0.44 Yes

15 2,300 0.43 No

16 2,120 0.40 No

17 1,980 0.38 steel reinforcement in walls

18 1,840 0.36 steel reinforcement in walls

4 Sustained pressure-to-short-term implosion pressure ratio.

b One hemisphere is waterproofed while the other hemisphere is not

waterproofed.

exposed to ambient conditions. Chemical
composition changes of the concrete will be
determined by comparing x-ray diffraction patterns
with those of the concrete at age 20 months.

FABRICATION

Concrete hemisphere sections were cast in a steel
mold and the following day were removed from the
mold. Twelve 6 x 12-inch-long control cylinders and
one 14 x 18 x 18-inch control block of concrete were
also cast with each hemisphere.

Moist-curing of the hemisphere, six control
cylinders, and the control block was accomplished by
wrapping the specimens in wet burlap and then in
polyethylene film: the remaining six control cylinders
were placed in the fog room. Moist-curing continued
for 28 days at ambient temperature inside an open
building followed by 28 days of room-cuning condi-
tions, and then on-land field-curing conditions.

After several weeks of field curing, the
hemispheres were prepared for assembly into spheres.
The equatorial edges were ground flat by using a large
steel plate, and silica carbide grit and water as the
cutting agent. A titanium hull penetration at the apex




Figure 1. Fabrication of spheres.

of each hemisphere was epoxy-bonded into place.
The exterior surfaces of the hemispheres were lightly
sand blasted and a two-part phenolic compound
(Phenotine No 300) was applied. Finally, to fabri-
cate a sphere two hemispheres were bonded together
with an epoxy adhesive (Furane Epocast 8288).
Figure 1 shows several of these operations.

All of the spheres had the same dimensions and
variations in out-of-roundness. Extensive measure-
ments |8] were taken on one hemisphere, and Table
2 summarizes the dimensions. In summary, the mean
outside diameter was 65.886 inches and the mean
wall thickness was 4.124 inches.

d

Conventional 1/2-inch-diameter steel reinforcing
bars were embedded in the concrete of two spheres.
Arrangement of the steel bars is shown in Figure 2.
Alternate longitudinal bars had a nominal concrete
cover of 1 or 2.5 inches; however, in certain locations
near the apex the minimum cover was as low as 0.5
inch.

Clocks were placed in Spheres 1 through 6 to
record the day of implosion, if the sphere should fail.
The clock records days on a counter and has a
projected life of 3 years.® Figure 3 shows the clock
and its pressure housing which was a 4-inch-OD pipe
section. The pipe was attached to the top penetrator
of the sphcrc.f

Pinholes existed in the final waterproof coating at a rate of approximately 1 per 2 sq in.

® For zeto time in the ocean, the clocks read 41 days for Spheres 1-3, and 38 days for Spheres 4-6.
Upon retrieva), safety precautions should be followed in handling the pressure housing because
water at high pressure could be inside. Prior to opening, drill a 1/8-inch-diameter hole through

the steel wall to relieve any internal pressure.
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Figure 2. Arrangement of steel bar reinforcement
for Spheres 17 and 18.

Figure 3. Clock mechanism and its 4-in.-OD
pressure housing.

Table 2. Hemisphere Dimensions and Qut-of-Roundness Vanations

Standard Deviation Maximum Local Variation
Mean
frem Dm(wenjlon Measured Percent of Measured Percent of
in- (in.) Wall Thickness (in.) Wall Thickness
Interior +0.145 +3.51
28.820 +0.09 +2.26
radius 3 2 -0.213 -5.16
Exterior +0.150 +3.64
.94 30.08 +2.01
radius 32.943 3 -0.247 -5.94
Wall +0.181 +4.26
4.124 +0.060 1.4
thickness 143 -0.165 -3.90

Power was supplied to the clock from dry-cell
batteries placed in a watertight, but not pressure-
resistant container located at the bottom of the
sphere. When implosion occurs, the batteries are
destroyed or shorted, and the lead wires running to
the clock are broken.

Final assembly of the spheres is shown in
Figures 4 and 5. The descriptive information on
Figure 5 gives important details on the assembly.

Documentation of the concrete material is given
in Appendix A. The mix proportions, compressive
strengths, cement compositions, and x-ray diffraction




patterns of the concrete are presented. In general, the
concrete was made from a high-quality mix design
where the cement factor was 7.8 sacks per cu yd and
water-cement ratio was 0.40; the compressive
strength at 28 days was an average 7,660 psi.

Disposition of the control cvlinders and blocks
1s as follows: of the six control cylinders placed in the
fog room, three were tested at 28 days; their com-
pressive strengths are given in Appendix A, Table A-2.
The remaining three control cylinders will stay in the
fog room and will be tested when the spheres are
retrieved from the ocean. Three of the six control
cvlinders cured with the hemisphere were tested at
age 28 days and the remaining three were tested
approximately one month prior to emplacing the
spheres in the ocean (Table A-2); these later tests gave
the compressive strength used in calculating the
short-term implosion pressure, P; . There were two
control blocks per sphere; one block went with the
sphere into the ocean and the other block stayed on
land, located within 50 yards of the ocean. Both
blocks will be cored and tested when the sphere is
retrieved.

EMPLACEMENT

The spheres were emplaced in the ocean 4 miles
south of Santa Cruz Island, California (Figure 6), on
23 Scptember 1971. The method of emplacing the
spheres was as follows: a barge loaded with the
spheres (Figure 7) was towed by a surface vessel
(USNS Gear) which maintained a constant course
over a location where the seafloor increased in depth
at a fairly uniform rate. At predetermined depths, the
appropriate sphere was pushed overboard to free-fall
to the seafloor. The method worked well with most
of the spheres landing within a few hundred yards of
the target location. Final location of the spheres is
given in Table 3. Figure 8 shows a plan view and
Figure 9 a profile view of the sphere locations.

Water samples were obtained from the depth of
2,530 feet and gave the following data: temperature
of 5.339C, salinity of 34.41 ppt, pH of 7.2, oxygen
content of 0.06 ml/l, and velocity of sound of
1,483.9 m/sec. A water sample from 4,740 feet gave a
temperature of 5.16°C and a pH of 7.0.

Figure 4. Final assembly of sphere.




1 f
- Mark Item Remark
5ft concrete 5.5-ft OD by 4-in. wall; weight in
2 sphere air = 4,400 Ib
Inside steel pipe capsule, 4-in. OD
L
b clock by 10-in. long, weight in air = 15 1b
c batteries Dry cell batteries inside PVC pipe
d elcftnc Lead between batteries and clock
10 ft wire
sonar Aluminum pipe, 10-in. OD by
¢ target 12-in. long, by 1/8-in. wall
—4— X3 i Syntactic foam, 4-in. min width by
f buoyancy [ 5. rmax width by 14-in. long by
element .
4-in. deep
g nylon 1/2-in. diameter
rope
6 ft . .
Titanium Ti-6A1-4V; conical plug,
h penetration 4-in. major diameter and 3-in. minor
diameter
; adeye Titanium, 1/2-in.-diameter rod, 3.5-in.
___1% padey radius
. identification Plastic tag with sphere number engraved
i (sphere number also stamped on most
g metal parts)
. §/8-in. steel chain wrapped around
k chain sphere and through padeyes
1 shackle
2-1/4-in.~diameter steel chain, die-lock
m anchor type, total length 53 ft, bottom links
chain welded in triangle shape so hanging
length = 42 ft, weight in air = 2,630 1b
25 ft concrete 18 in. sq by 14 in. high; weight in air
n
block = 4001b
* Note: ltemsb, ¢, d, ¢, f, and g were used with only Spheres 1-6.
\W\\Q — O‘O
7 7 v/ O S 77

Figure 5. Deuils of sphere assembly.




Table 3. Location of Spheres

Surface Location at Launch

Seafloor Location Found by Turtle

Sphere Lorac Distance | Azimuth Lorac Distance | Azimuth | Depth | Sphere
No. Coordinates Between | Between Coordinates Between | Between (fv) No.
Spheres | Spheres Spheres | Spheres
G R (vd) (°T) G R (yd) “n
1 479.6° | 324.4 5,075 1
680 346
2 481.5 320.0 4,875 2
2,400 340
3 489.9 305.2 490.0 302.0 4,330 3
600 341 400 349
4 491.4 302.6 491.0 299.? 4,185 4
200 340
5 492.6 300.8 4,100 5
2,650 344
6 501.9 284.3 3,875 6
400 344
7 503.2 282.2 500.0 280.9 3,725 7
900 343 800 326
8 506.6 277.1 504.7 277.2 3,665 8
1,580 350 1,920 352
9 511.2 268.0 509.0 265.5 3.295 9
280 350 380 309
10 511.7 266.6 511.7 264.4 3,190 10
1,250 345 1,180 346
11 516.0 259.3 516.0 258.0 3,140 11
1,720 337 1,650 339
12 524.4 250.8 523.5 249.5 2,790 12
540 337 970 280
13 527.0 248.0 532.5b 249.7 2,635 13
650 347 630 332
14 |[528.8 | 244.4 536.1%| 246.8 2440 | 14
400 355 700 23
15 530.2 2424 534.6 242.6 2,300 15
300 345 550 5
16 531.7 240.8 535.0 239.5 2,120 16
300 324 200 10
17 533.0 | 239.4 535.0 | 238.3 1,980 17
200 352 200 347
18 534.0° | 238.3 535.3 | 2375 1,840 18

? Geographic coordinates 33°49°15"N by 119°33'30"'W.
b These locations may be 1n error.
¢ Geographic coordinates 33°56’15"'N by 119°36'15"'W.
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Figure 6. Location of spheres off California coast.
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Figure 7. Spheres rigged on barge in preparation for free-fall launch. |
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Figure 9. Bottom profile at sphere location directly below surface launch.

A soil sample was obtained at the depth of
4,100 feet near Sphere 5. Data from the core are
presented in Appendix B, Table B-1.

INSPECTIONS

Three inspection visits have been made to view
as many spheres as possible. Of the 18 spheres, 15
have been viewed once, and of those 15, five have
been viewed twice.

The first and third inspections were made by the
Naval Submarine Development Group One using the
submersible Turtle. The second inspection was made
by Scripps Institution of Oceanography using the
Remote Underwater Manipulator (RUM).

Turtle is a manned submersibie capable of
operating to depths of 6,500 feet. During the
inspections with the submersible, however, those
spheres at depths greater than 3,800 feet were not
inspected because of the possibility of implosion of a
test sphere. Investigators with the Turtle were

10

successful in inspecting Spheres 7-18. The spheres at
greater depths (1-6) were to be inspected with the
unmanned RUM vehicle. Within the time available for
the inspection cruise with RUM, Spheres 3-5 were
inspected successfully; the remaining spheres (1, 2,
and 6) have not been inspected.

Data collected during the inspections are given
in Table 4. The chain link count is the number of
links of chain suspended off the seafloor by the
buoyant spheres. If a sphere was found imploded or if
anything unusual was observed, this information was
recorded. Figures 10 and 11 show an uncoated sphere
and a coated sphere tethered off the seafloor.

RESULTS
Implosion
Two spheres, 3 and 7, have imploded. Fragments

of Sphere 3 were observed during the RUM inspec-
tion to be scattered over an area of what appeared to




Figure 10.

View of uncoated sphere (No. 12) at
a depth of 2,790 feet after 431 days.

be a 25-vard radius. To retrieve the clock, the
manipulator on RUM picked up the 5/8-inch chain to
which the clock was attached. Once on the surface, it
was learned that the clock
Implosion forces must have “blown” the clock off
the chain. Hence, the time to implosion for Sphere 3
was not information
obtained during the third inspection it has been
deduced that the sphere imploded during descent.
The Turtle operators thoroughly scarched the Sphere
3 site for the clock, which was not located, but
observations showed that fragments of concrete were
spread over a radius of 50 yards. Also, the anchor
chain was not at the center of debris or at the loca-
tion of highest fragment density. This information

was not retrieved.

obtained: however, from

1

Figure 11. View of coated sphere (No. 13) at
a depth of 2,635 feet after 431 days.
Material on top of sphere is sediment.
Nylon rope on left side of sphere was
used to secure 5/8-in. chain around
sphere (see Figure 4).

meant that the sphere probably imploded during
descent which allowed the fragments to disperse.

In the case of Sphere 7, the fragments were ali
located within a 10-vard radius. Sphere 7 did not
contain a clock, so the time to implosion is between 1
and 431 days.

For Spheres 3 and 7, the P/P, . ratio was 0.72
and 0.58, respectively. This level of long-term loading
was considered relatively low for implosion to occur.
However, seven other spheres are subjected to P,/P;
ratios greater than 0.58, four of which have been
nspected and are performing well.

The concrete control block for Sphere 3 was
retrieved. The compressive strengths of this block and
other control specimens stored at on-land field




Table 4. Inspection Data

Chain Link Count” at—
. . . Time to
Sphere Empiacement Inspection No. 1 | Inspection No. 2 | Inspection No. 3 Implosion Comments
No. (By: CEL (By: Turtle (By: RUM (By: Turtle (days)
Date: 23 Sep 71 | Date: 4 Mar 72 | Date: 26 Aug 72 | Date: 1 Dec 72
Time: Odays) | Time: 163 days) | Time: 340 days) | Time: 431 days)
1 29.7b - - - -
2 29.7 - - - -
3 29.4 - imploded - 0
4 29.4 - 23 - - Insp. No. 3, observed
sphere intact and
floating high.
5 29.6 - 21 - -
6 29.6 - - - -
7 31.5 - - imploded 1431
8 31.5 - - 4] - Insp. No. 3, sphere
intact but on
seafloor.
9 31.6 - - - - Insp. No. 3, chain
tangled on block.
10 31.6 - - 24 -
11 38.0 - - 31 -
12 32.1 - - 24 -
13 321 28 - 28 -
14 48.4 39 - 39 -
15 32.2 26 - 25 -
16 31.8 26 - 25 -
17 326 29 - 28 -
18 326 - - 25 —

9 Number of links suspended off seafloor by buoyant sphere.

anlculated number of links suspended off seafloor by sphere with concrete at room dry condition.
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conditions and fog-room conditions are given in
Appendix C. The control block from Sphere 7 was
not retrieved as the Turtle was not rigged for a
retricval operation.

Permeability

The method used 1o determine the permeability
of seawater through the concrete walls produced a
fairly accurate indication of in-situ permeability
behavior of the spheres. This method used the change
in number (reduced number) of chain links to
calculate the gain in weight of the sphere due to sea-
water intake. The accuracy of the quantitative results
depend on several approximations; these are
discussed in Appendix D. The accumulative effect of
these approximations is estimated to be a maximum
of * 0.8 cu ft of seawater. This error can be reduced
to * 0.3 cu ft by comparing the change in link counts
from actual inspections instead of using the calcu-
lated link count from zero days.

Table 5 gives the total quantity of seawater
intake, Q, for the different time intervals between
emplacement and inspections. Seawater intakc
includes the seawater absorbed by the concrete and
the seawater that permeated through the concrete.
Figure 12 shows the Q versus time behavior. Three
items of interest are observed. One item is that the
uncoated concrete spheres have a greater Q than the
coateu spneres; after 431 days, the coated spheres
showed an average Q of about 2.6 cu ft and the
uncoated spheres about 3.6 cu ft. Another item 1s
that the spheres which have been inspected twice
~howed a considerable decrease in the rate of sea-
water intake. The last item s that Q increased for
specimens at greater depth, but the increase was not
pronounced.

The actual quantty of seawater permeating the
wall, Q. was estimated by subtracting the quanuty of
absorbed seawater from the total seawater intake.
Earher work on 66-inch-OD spheres {8] showed that
the concrete {same concrete as used in this studv)
absorbed approximately 3 percent by weight (or 7
percent by volume) of seawater. This corresponds to
2.0 cu ft of seawater absorbed by the concrete. Table
5 shows the Q, values for the different time intervals.
At 431 days, the average Q, for the coated spheres was
0.8 cu ft and for the uncoated spheres was 1.6 cu ft,

Reference 8 reports permeability results from
two 66-inch-OD concrete spheres subjected to
seawater hydrostatic pressure tests. The permeability
data are shown in Table 6. D'Arcy’s permeability
coefficient, K., was determined from the data as an
average of 0.13 x 10'12 ft/sec. D'Arcy’s permeability
coefficient can be expressed as follows for the
spheres:

(3

t
K =¥%h‘ ™

where K. = permeability coefficient, fu/sec

Q = quantity of permeability
seawater, cu ft

T = ume, sec
t = wall thickness, ft
A = exterior surface area, cu ft

= depth (or pressure head), ft

Using the K_ value of 0.13 x 1012 fi/sec as a
baseline, the data from the spheres in the ocean can
be compared to that from the pressure vessel tests.
Table 5 lists the K_ values for the ocean spheres. In
all cases, the permeability coefficient was lower for
the spheres in the ocean than for the spheres in the
pressure vessels. The average K. values for the
coated spheres were 0.06 x 1012 fr/sec at 163
days and 0.02x10'2 fusec at 431 days, and
for the uncoated spheres were 0.11 x 1012 fu/sec
at 163 days and 0.06 x 1012 f/sec at 431 days.
Other K, values were those attained between the time
interval of 163 to 431 days; for the coated spheres,
no increase in Qp was observed, so K. was zero, and
for the uncoated spheres the average K. was
0.04 x 10712 fr/sec.

The permeability data from the pressure vessel
tests showed that a straight line curve of Q, versus
log T fit the data with fair accuracy. The empirical
semi-log relations® for one sphere (specimen CWL-9A)
at a simulated depth of 2,520 ft was:

Qp = 034log ,,T - 0.11 )

£ Equations 2 and 3 are presented in this report with time, T, in days. These equations are different

from those in Reference 8 which give time, T, in hours.
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Total Seawater Intake, Q (ha)

1 I I !

Qs Average  Nominal

for Depth
Symbol Sphere Nos. (ft)
O 4ands 4,100
50—
" 11 3,100
\V4 10 and 12 3.000
B 13 and 14 2,500
0 15and 16 2,200
O 17 and 18 i,900
4.0 L uncoated sphere
— coated sphere
~— — — — half-coated sphere

| I |

o 100 200 300 400

Time on Seafloor (davs)

Figure 12. Total seawater intake of concrete spheres.
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and for another sphere (specimen CWL-6) at a
simulated depth of 3,760 feet it was:

Q,

where T is time (days).

Figure 13 shows a comparison between D'Arcy’s
equation, Equation 1, using K, =0.13 x 10712 fu/sec
and the empirical equations, Equations 2 and 3. Data
from the ocean spheres are shown to be bracketed by
the D'Arcy and empirical semi-log relations. D’Arcy’s

0.32l0g,,T - 0.01 3)

relation assumes a constant rate of permeability,
whereas the extrapolation of the empirical semi-log
relation assumes a decreasing rate with time. It is not
apparent at this time which approach defines the
permeability behavior of the concrete spheres.
Additional data from inspections are required.

Sphere 8 was found intact burt sitting on the
seafloor after 431 days. A total seawater intake of
15.3 cu ft or more was required to overcome the
positive buoyancy of the sphere. This quantity of sea-
water was three to four times that of the other

¥ T IR LN v 1 l'fllll 1 ¥ LI BRI AL
5.0 joum -
= D’Arcy’s Equation, Eq 1
3
4
e 4.0 — Ocean Depth (ft) -
3 Symbol Sphere 3.760
=
i O uncoated 2,520
=4
= ® coated
E: ¢ ] half-coated
T 3.0 | -
-9 - .
- = o = — Same sphere inspected twice
v
=
3
«©
v
s
£ 20 -
é 8
Empirical Semi-Log Relations
Depth (ft) ,O
epth (ft P
3,760 (Eq 3) " /ﬁ
1.0 p— 2,520 (Eq 2) ’ I
o 1 L1 111l el ) wrlli
1 10 100 1.000
Time, T (days)

Figure 13. Comparison of ocean sphere permeability data with the D’Arcy equation and the
empirical semi-log relations as given in Reference 8.
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Table 6. Permeability Data (After Haynes and Kahn [8])

Simulated . D’Arcy's
Spectmen “I;u a;c Time Permeability, Clp Permeability
No. cfpt (days) (cu fr) Coefficient, K_
(tt) (ft/sec x 10°12)
CWL-9A 2,520 21 0.34 0.16
CWL-6 3,760 42 0.52 0.10

NOTE: Spheres started the test having the concrete in a wet condition. The procedure
for obtaining wet-concrete walls was to place an uncoated sphere on the bottom
of the pressure vessel and allow the seawater to fill the inside of the sphere, and
then apply hydrostatic pressure. The pressure was maintained usually for 7 days
at 500 psi or until the pressure became constant and showed no decrease, thus
indicating that the voids of more significant size were filled with water.

spheres, so it was evident that Sphere 8 leaked.
Expernience in fabricatung concrete spheres has shown
that periodically a specimen leaked at a concrete-
€epoxy joint.

SUMMARY

Of the original eighteen spheres emplaced at
depths between 1,840 and 5,075 ft, fifteen spheres
have been inspected at least once. Of the spheres that
were inspected, the one at greatest depth was at
4,185 feet, and was performing well after 431 days.
Two spheres have imploded: one sphere imploded
during emplacement to the depth of 4,330 feet and
the other sphere imploded during the time interval of
1 to 431 days at a depth of 3,725 feet.

The quanuty of seawater that had permeated
through the concrete walls was about 0.8 cu ft for the
coated spheres (waterproofed concrete) and 1.6 cu ft

for the uncoated spheres (non-waterproofed concrete).

17

D’Arcy’s permeability coefficient, K., was on
the average 0.02 x 10712 ft/sec for the coated spheres
and 0.06 x 1012 ft/sec for the uncoated spheres
between the time interval of 0 to 431 days on the
seafloor. These K values were less than the K, value
of 0.13x 10712 fr/sec obtained from pressure vessel
tests on similar uncoated spheres for time intervals up
10 42 days [8].

The concrete spheres are to remain in the ocean
through 1981 with periodic inspections to determine
implosion and permeability dara.
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Appendix A

CONCRETE MATERIALS

The mix design for the concrete is given in Table
A-1. Transit-mix trucks delivered the concrete, and
final determination of water content was based on
workability. Table A-2 gives the properties of the
fresh concrete; average values were (1) water-to-
cement ratio of 0.40, (2) slump of 1-1/2 inches, (3) air
content of 2.4 percent by volume, and (4) unit
weight of 145.2 Ib/cu fr.

Compressive strength of the concrete at age 28
days (Tabie A-2) averaged 7,660 psi for the fog-
room-cured specimens and 7,690 psi for the on-land
field-cured specimens (moist-cured in wet burlap and
wrapped in plastic for first 28 days). The compressive
strength of the concrete at ages varying from 4% to
174 days was obtained prior to emplacine * - pheres
in the ocean (Table A-2). These strenyth. .;ere used
to calculate the short-term implosic-.  .ssure of the
spheres (the compressive strer~ih of the weaker
hemisphere was used) so that projected emplacement
depths could be calculated. For the uncoated spheres,
the control cylinders vcre saturated with seawater
prior to testing. The method of saturation was to
place the specimen- in a pressure vessel and apply 500
psi pressure for 7 days. The strength of saturated con-
crete has been found to be 10% lower than room-dry
concrete {8]. The coating was assumed to maintain
the concrete in a dry condition, so the control
cylinders were tested in a drv condition,

Table A-3 is a copy of a typical mill test report
on tt. portland cement used by the transit-mix
supp.ier, Southern Pacific Milling, during the
fabrication of the hemispheres. All of the cement
meets ASTM specification C-150-70, Type II, Low
Alial, Portland Cement.

X-ray diffraction patterns for three concrete
blocks, W-15, W-39, and W-41,
(Figures A-1 through A-3) for documentation of the
chemical composition of the concrete at the early
stages of the test program. At the end of the test
program, which could be many years away, samples
of concrete can be analyzed to determine whether or
not the concrete has been attacked by the sulphates
in seawater. Table A-4 gives the diffraction angle (26)
of the expected intensity peaks for concrete atracked
and unattacked by sulphates in seawater [12].

were obtained

Table A-1. Concrete Mix Design

Portland cement, Type i1, low-alkali

Santa Clara River aggregate

Water-to-cement ratio = 0.41

Sand-to-cement ratio = 1.85

Coarse aggregate-to-cement ratio = 2.28
Water-reducing admixture = 2 oz/slack of Plastiment

Aggregate Gradation
M ial P, Retai
ateria Sieve Size ercentage Retained
Designation Individual | Cumulative
3/8 inch 0 0
no. 4 2 2
no. 8 11 13
no. 16 17 30
d

San no. 30 28 58
no. 50 28 86
no. 100 11 97
pan 3 100
3/4 inch 0 0
Coarse aggregate 3/8 inch 70 70
no. 4 30 100
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Table A-3. Copy of Mill Test Report on Cement

PAC!FIC WESTERN INDUSTRIES, INC.
LOS ROBLES CEMENT DIVISION

POST OFFICE BOX 1247 e (805)248-6733
LEBEC, CALIFORNIA 93243

MILL TEST REPORT

We certify that 17,982 bbls. of LOS ROBLES Portland Cement in
Silo or Lot No. 1-802 has the following chemical and physical characteristics
as tested in our plant laboratory:

CHEMICAL ANALYSIS: FINENESS:
Silicon Dioxide, $10, . . _22.28 % Blaine, Sg. Cm. per Gram 3476
Aluminum Oxide, Al,O3 . 4.62 % Wagner, Sq. Cm. per Gram
Ferric Oxide, Fe,05. . . 3.04 %
. . < —_— UN :
Calcium Oxide, Ca0O. . . 64.24 % SOUNDNESS
Magnesium Oxide, MgO . __1.46 % Autoclave. Percent Expansion .000
Sulph 1oxide, . 7 %
Sulphur Trlpglde, SO, 2.73 o TIME OF SETTING:
Losson Ignition . . . . 1.38 %
Insoluble . . . . . . 0.05 % Vicat 1 hrs. 45
Alkahies, Comb. asNa,O . _ 0.42 % Gilmore, Initial Set 2 hrs. 50
Final Set 4 hrs. 30
POTENTIAL COMPOUNDS:
COMPRESSIVE STRENGTH:

3 Ca0.810 ... 490 %

BONE —" 1 day 1552
2Ca0.%10, . . .. 269 % 3 davs 2838
3 CaO.A1203 . . . . . 7.1 % b da:vs 4411
4 Ca0.Al,0;.Fe,05. . . __9.2 % 28 days . 6802

min.
min.
min.

psi

pst
pst

THIS CEMENT MEETS OR EXCEEDS THE FOLLOWING DESCRIBED SPECIFICATIONS:

ASTM: C-150-70 Tvpe 11 Low Alkali

FEDERAL: $S-C-192g Type 1l Low Alkali

CALIFORNIA: State Div. of Hwys. Std. Spec. 90-2.01 Mod. Type Il Low Alkali

OTHER:

MAIN OFFICE:

3810 Wilshire Boulevard Pacific Western Industries, Inc.

Los Angeles, Califorma 90005

4-2-71

i BY:
(213) 381-3181 CHIEF CHEMIST

DATE
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Table A-4. Expected Intensity Peaks [12] From X-Ray Diffraction Analysis

of Concrete Artacked and Unattacked by Seawater

Diffraction Angle (20)

at Intensity Peak Materiai Remarks
(deg)
Concrete Attacked by Sulfates in Seawater
.1 Ettringite,
15.8 3Ca0Al,033CaS0,32H,0
11.2 Hydrocalumite, May not be present.
Ca oAl g(OH)54CO321H,0
11.7 Gypsum, CaS042H,0 Very soluble, may not be present.
29.4 Calcite, CaCO;, Due to carbonation.
26. F datcold t t s
6 2 Aragonite, CaCOy ornned at cold temperatures
27.2 may not be present.
Concrete Unattacked
18.1
341 Lime, Ca(OH), Created from hvdrated cement.
broad peak
rga,sfj;; Tobermerite gel Created from hydrated cement.
323 C,S Traces of unhydrated cement,
32,7 C3S and C,S usually hard to see in older
33.1 C;A concrete.
29.4 Calcite, CaCO; Due to carbonation.
10.5
20.9 Aggregates Some of the larger peaks from the
20.6" aggregate.
27.8

o

Quartz aggregate.
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70

aggregate (quartz)

Ca(OH),

aggregate

Intensity (retative scale)

} tobermorite gel (broad peak)
CaCOy
|

- aggregate

3
)

I Ca(OH),

-

30

Il —

Concrete curing: on-land field
) Concrete age: 22 months

1 |

J Tube: Copper k-alpha,
0 Current: 15 ma

Voltage: 35 kv
Time constant: 4 sec
Scan rate: 1 deg/min

1 d

a4

41 38 35 32 29 26 23 20 17 14
Diffraction Angle, 26 (degrees)

Figure A-1. X-ray diffraction pattern for concrete from W-15 control block.
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Diffraction Angle, 26 (degrees)

Figure A-2. X-ray diffraction pattern for concrete from W-39 control block.
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Appendix B

SOIL PROPERTIES

Table B-1. Soil Data

(Core specimen obtained at 4,100 feet near Sphere 5; core diameter was 2.75 inches.)

Properties of Soil Sample
ltem From Core by Intervals

0-3 In. 6-9 In. 13-16 In.
Bulk wet density (pcf) 90.64 94.53 94.20
Water content (%) 82.69 83.39 85.54
Vane shear strength (psi) 0.296 1.074 1.431
Remolded shear strength (psi) 0.037 0.394 0.566
Sensitivity 8.0 2.7 2.5
Liquid limit 81.7 91.0 112.3
Plastic limit 423 39.9 42.5
Plasticity index 39.4 51.1 69.8
Specific gravity 2.63 2.57 2.61
Unified soil classification MH MH CH
Type of soil silt silt clay-silt
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Appendix C

COMPRESSIVE STRENGTH OF CONCRETE FOR SPHERE 3

Even though Sphere 3 imploded on descent to the seafloor, the control block of concrete was a0t
retrieved until 340 days later. This control block was fabricated of the same concrete as one of the sphere’s
hemispheres, W-16. This concrete experienced a history of 172 days of on-land field curing and 340 days of
in-ocean field curing,

The other hemisphere, W-15, had a corresponding control block that was continuously stored
out-of-doors; hence, this concrete underwent a continuous 514 days of on-land field curing. Simulta-
neously, three 6 x 12-inch-long cylinders for both hemispheres underwent continuous fog room curing.

The compressive strengths for the concrete are shown in Table C-1 and Figure C-1. The fog-cured
concrete increased 23 percent in average strength, from 8,460 to 10,420 psi. The on-land field-cured
concrete leveled off in strength at an average of 8,650 psi after 134 days. The in-ocean field-cured concrete
decreased in strength from an average of 9,650 psi after 132 days of on-land curing to an average of 7,600
psi after 340 days in the ocean; this was a 21 percent decrease in strength. Werting of the dry concrete
would account for 10 percent of the decrease [8]; perhaps under the long-term hydrostatic pressure the
total decrease in strength was due to saturation of the concrete. Previous work by Russians [13] showed a
decrease in compressive strength of 28 percent due to saturating dry concrete under high hydrostatic
pressure; however, the test procedure used to obtain the saturated concrete was not discussed.

Concrete from block W-16 was analyzed by x-ray diffraction techniques. It was found that the
concrete was not attacked by the seawater,
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Table C-1. Control Cylinder Data for Sphere 3

. ‘ ffici
Curi Total Saturated Number of Compressive Coe fnfcncm
Hemisphere u mg Age With Seawater Control Strength, f (_) .
Condition . . L€ Variation
(days) Prior to Test Specimens (ps1) (%)
o
Fog Room 28 no 3 8,520 -
Field? 28 no 3 7,260 -
With
Ww-15 Hemisphere? 134 no 3 8,840 -
Fog Room 514 no 3 10,470 3.9
Field at
CELa b 514 no 4 8.650 3.7
Fog Room 28 no 3 8,400 -
Field? 28 no 3 7.940 -
Wi
Hemisn:cre" 132 no 3 9.650 -
W-16 P
Fr5 Room 512 no 3 10,360 1.5
In >ce b
(at 4,400 ft 512 yes 4 7,600 4.0
for 341 days)

¢ First 28 days: moist-cured in wet burlap wrapped in plastic sheeting.
bex 12-in.-long cylinders cored from block 18 x 18 x 14 inches.
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(psi)

[y

Compressive Strength, f

12,000
T LS 1 L 1
6 x 12-In.-Long Control Cylinders From Sphere 3
placed in acean 8
10,000 [~
Ot
7/
/ —_—
~~TC @)
- / it
-~
8.000 O/ e ‘-O
O
6.000 |~
Symbol Hemisphere No.
4.000 P~
O W-15
@) W-16
Each point represents average
of minimum 3 specimens
Fog-room curing
2.000 = e om0 1-12nd field curing
= e eme=[n-ocean field curing
0 | | 1 1 1
O 100 200 o0 400 500

Age of Concrete (days)

Figure C-1. Compressive strength of concrete for Sphere 3.
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Appendix D

CALCULATION OF SEAWATER INTAKE

The method used to calculate the total quantity of seawater intake by the spheres depends on

obtaining the change in number of chain links suspended off the seafloor by a sphere. The reduction in
number of links is converted into quantity of seawater intake, Q. The accuracy of determining Q is

dependent on several approximations.

One approximation is the criterion by which the submersible operators counted the chain links. They
counted only whole links; or, in other words, the bottom-most link counted was the one in a vertical
position.

Another approximation is estimating the original number of links suspended off the seafloor when the
spheres had dry-concrete walls. The associated calculations are shown below, in part, and are completed in
Table D-1.

Buoyancy of Hull
Dimensions D, = 65.886 inches and D; = 57.640 inches

Weight of Displaced Seawater, W,
Wp = 64 pcf (86.64 cu fr) = 5,545 1b

Weight of Concrete Sphere, W
We = 145.2 pcf (28.625 cu ft) = 4,156 1b

Positive Buoyancy = 1,389 b for bare concrete hull

In-Water Weight of Components on Spheres

5/8inchchain. . . . . . . . . . . . . .. . . L. 67 1b
Wet-concrete controtblock . . . . . . . . . . . . . . . . 2200
Steel components . . . . . . . . . . . . . .. ... 40 Ib
Titanium components . . . . . . . . . . . . .. ... 81b

Load on Spheres 7-16 (also common load to other spheres) . . . . 3351b
Clock (estimated inairweight) . . . . . . . . . . . . . . . 201b
Batteries (esumated tn airweight) . . . . . . . . . . . . . . 40 Ib
Commonload. . . . . . . . . . . . . . . . . . . . . #3350

Load onSpherest6. . . . . . . . . . . . . . . . . 395Db
Steel bar reinforcement (in-waterweight) . . . . . . . . . . . . 1501b
Commonload. . . . . . . . . . . . . . . . . . . . . #3350b

Load on Spheres 17and 18 . . . . . . . . . . . . . . 48

Column D in Table D-1 was another approximation. This was the apparent weight gain of the system
due to the change in volume of the sphere under load. Using data from Reference 8, it was assumed that the
maximum long-term strain for the spheres at greatest depths was 2,500 win./in. This strain resulted in 3
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change in volume sufficient to reduce the buoyancy by 40 pounds. For the spheres in shallower water, a

proportional buoyancy adjustment was made.
It was estimated that the maximum error in the net positive buoyancy values was 50 pounds. in

terms of chain links (2-1/4-inch chain), the error was *1.5 links; or in terms of seawater intake, the error

was 0.8 cu ft.
The error associated with permeability reading between inspections is 20 pounds, or 0.3 cu ft,
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Table D-1. Calculation of Number of Links Off Seafloor at Zero Days

A
B C D : G
Positive . .a . a E=A-[B+C+D] F Weight? H = E/G
Sphere | Buoyancy Weight” of Weight App-arent Net Positive Chain c1ght Number
Components of Weight . of Each )
No. of Concrete X Buoyancy Size L of Links
Hull on Hull Shackles Gain b (in) Chain Link Off Seafloor
N (Ib) (1b) (Iby? : (ib/link)
(ib)

1 1,389 395 28 40 926 2-1/4 31.2 29.7
2 1,389 395 28 40 926 2-1/4 31.2 29.7
3 1,389 395 42 35 917 2-1/4 31.2 29.4
4 1,389 395 42 35 917 2-1/4 31.2 29.4
5 1,389 395 42 30 922 2-1/4 31.2 29.6
6 1,389 395 42 30 922 2-1/4 31.2 29.6
7 1,389 33s 42 30 982 2-1/4 31.2 315
8 1,389 335 42 30 982 2-1/4 31.2 31.5
9 1,389 335 42 25 987 2-1/4 31.2 31.6
10 1,389 335 42 25 987 2-1/4 31.2 31.6
11 1,389 33s 42 25 987 2-1/4 26.0 38.0
12 1,389 335 28 25 1,001 2-1/4 31.2 32.1
13 1,389 335 28 25 1,001 2-1/4 31.2 321
i4 1,389 335 28 20 1,006 2 20.8 48.4
15 1,389 335 28 20 1,006 2-1/4 31.2 32.2
16 1,389 335 42 20 992 2-1/4 31.2 31.8
17 1,389 485 42 15 847 2-1/8 20.0 32,6
18 1,389 485 42 15 847 2-1/8 26.0 326

a .
In-water weight.

b Due to change in volume of sphere under load.
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LIST OF SYMBOLS

A Exterior surface area, cu ft

D; Inner diameter of concrete sphere, in.

D, Outer diameter of concrete sphere, in.

f. Uniaxial compressive strength of concrete, psi
h Depth (or pressure head), ft

K. Permeability coefficient, ft/sec

P Short-term implosion pressure, psi

L Sustained pressure, psi

Q Total quantity of seawater intake, cu ft
QP Quantity of seawater permeating wall of sphere, cu ft
T

Time, sec, hr, days

-

Wall thickness, ft, in.
We Weight of concrete sphere, 1b

W, Weight of displaced seawater, b
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